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ABSTRACT 
 
 The breakdown of critical bridge infrastructure in past earthquakes has often been 
attributed to the failure of reinforced concrete (RC) bridge columns due to lack of flexural ductility. 
Despite the revision of structural design standards to accommodate the lessons learned from these 
earthquakes, a significant number of RC bridge columns, built prior to these revisions, are 
vulnerable to failure under moderate and high intensity earthquakes. Recent studies have shown 
that retrofitting these vulnerable RC bridge columns by applying lateral active confinement using 
shape memory alloy (SMA) spirals can significantly improve their ductility, resulting in enhanced 
seismic performance. The research work done till date in this area is limited to exploring 
experimentally the efficacy of this new retrofit technique on a material and component level. In 
order to aid the implementation of this retrofit technique in actual construction practice, this thesis 
initiates the development of a performance-based-design framework for SMA retrofitted columns 
by creating seismic demand models which relate the intensity measure (IM) of an earthquake with 
the demand imposed by the earthquake on SMA retrofitted RC columns, which is quantified in 
terms of demand measures (DM). 
 An array of vulnerable RC bridge columns, susceptible to flexural failure due to inadequate 
lateral confinement, is created using Latin hypercube sampling and 6 columns with varying time 
periods and reinforcement ratios are chosen. These columns are retrofitted with SMA spirals in 
their plastic hinge region and subjected to a suite of bi-directional ground motion records. The 
performance of the retrofitted columns is assessed using 4 DM including maximum drift, residual 
drift, an energy-based concrete damage index and a steel damage index based on low-cycle fatigue. 
The suitability of 8 IMs for the development of probabilistic demand models to predict the DMs 
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is explored. The optimal IM, which predicts the DM with least uncertainty, is found to be a function 
of the fundamental period of the retrofitted columns. The final demand models, developed using 
the optimal IM, are presented and compared to understand the effect of lateral active confinement. 
The results indicate that increasing the confinement reduces the damage in concrete substantially 
while the damage associated with low-cycle fatigue of steel is also reduced. Higher levels of active 
confinement are also seen to be effective in reducing the residual drifts of long period columns. 
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CHAPTER 1 : INTRODUCTION 
 
1.1 RESEARCH MOTIVATION 
A significant number of bridge failures during past earthquakes can be attributed to the 
collapse of reinforced concrete (RC) columns. These failures occur due to either inadequate shear 
capacity or insufficient flexural ductility (Chai et al. 1991; Priestley et al. 1994; Maekawa and An 
2000). Failures due to inadequate shear capacity are characterized by diagonal cracking (refer to 
Figure 1.1). These failures are more commonly associated with squat columns having a low aspect 
ratio (i.e. ratio between column height and cross-sectional width). For columns with higher aspect 
ratio, insufficient flexural ductility is regarded as the predominant mode of failure. The flexural 
failure of RC columns occurs in the plastic hinge region of the column, which is the region that 
gets subjected to the maximum flexural demands during the earthquake. Figure 1.2 shows a RC 
column that underwent flexural mode of failure during a seismic event. 
 
 
Figure 1.1: Shear failure of RC column during Chile 2010 earthquake (EERI et al. 2010) 
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Figure 1.2: Flexural failure of RC column (Caltrans 2006) 
 
The research presented in this thesis relates to the retrofitting of RC columns which are 
prone to failure in an earthquake due to insufficient flexural ductility (flexural mode of failure). 
Inadequate lateral confinement is regarded as the chief cause of lack of flexural ductility (Priestley 
and Seible 1995; Haroun and Elsanadedy 2005). Lateral confinement in typical RC bridge columns 
is provided using transverse steel reinforcement in the form of hoops or spirals. When the lateral 
confinement provided by the transverse reinforcement is low due to a higher hoop spacing/spiral 
pitch, the core concrete located inside the transverse reinforcement, possesses a low spalling strain 
which leads to concrete crushing under moderate intensity earthquakes. The loss of core concrete 
leads to loss of structural integrity of the column, ultimately resulting in its failure. 
The pre-1971 seismic provisions specified transverse reinforcement of 12.7 mm diameter 
stirrups at a spacing of 305 mm, which was found to be grossly inadequate in subsequent 
earthquakes (1971 San Fernando, 1989 Loma Prieta, 1994 Northridge and 1995 Kobe). Although 
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a number of revisions were made to these provisions based on knowledge gained during post 1971 
earthquakes, a significant portion of the bridge infrastructure, built prior to 1971, has bridge 
columns with inadequate lateral confinement which makes them prone to failure due to lack of 
flexural ductility under moderate and high intensity earthquakes.  
A number of retrofitting schemes have been applied to such columns to enhance the lateral 
confinement in the plastic hinge region and avert failures due to insufficient flexural ductility. The 
research presented in this thesis, considers the application of a newly emerging active confinement 
technique which involves the application of thermally prestressed spirals made of a shape memory 
alloy (SMA) in the plastic hinge region of columns. Experimental tests performed with this active 
confinement technique at the material level (Shin and Andrawes 2010; Chen and Andrawes 2017) 
show great promise for its application in improving the ductility of concrete. However, there is 
still a lack of understanding of the design parameters governing the seismic response of columns 
retrofitted with SMA spirals and how these parameters are sensitive to various ground motion 
characteristics. Therefore, this thesis focuses on addressing this knowledge gap by developing 
probabilistic seismic demand models for columns retrofitted with SMA spirals in their plastic 
hinge region. These models relate the demand on the columns with the ground motion intensity; 
an important step within the framework of performance based design (PBD) 
 
1.2 THESIS OUTLINE 
 This thesis presents the outcome of a research study undertaken to quantify the seismic 
performance of RC columns retrofitted with SMA spirals through the damage assessment of these 
columns under historical bi-directional ground motion records. The damage assessment is 
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performed by creating probabilistic seismic demand models for SMA retrofitted RC bridge 
columns. The outline of the thesis is as follows:- 
 Chapter 2 presents an outline of the research literature pertaining to the problem that this 
research work aims to address. Literature relating to the various confinement schemes proposed 
for the retrofitting of columns susceptible to flexural failure is reviewed. The chronological 
progression of research studies pertaining to the SMA confinement studies is covered in detail. 
 Chapter 3 presents the first step in the development of probabilistic seismic demand models 
for SMA retrofitted RC bridge columns. It describes the methodology adopted to select 
representative bridge columns and bi-directional ground motion records.  
Chapter 4 presents the demand measures (DM) and intensity measures (IM) considered for 
development of the seismic demand model. 
Chapter 5 presents the results of regression analyses performed to select the most optimal 
IM for predicting a particular DM along with the final demand models. The chapter ends with a 
case study undertaken to compare the performance of the SMA retrofitting technique under a 
reference earthquake. 
 Chapter 6 presents the major conclusions of the work along with recommendations for 
future research work. 
 Appendix A contains results of the regression analyses performed to obtain the final 
demand models. 
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CHAPTER 2 : LITERATURE REVIEW 
 
2.1 CONCRETE CONFINEMENT 
Concrete is a brittle material whose axial stress-strain response (refer to Figure 2.1) is 
characterized by an initial elastic region, followed by a continuous decrease in the tangent modulus 
till it reaches its peak axial stress at an axial strain of approximately 0.002 (Popovics 1973; Mander 
et al. 1988). After reaching the peak axial stress, concrete undergoes reduction in the axial stress 
levels before crushing at an ultimate strain between 0.0035 and 0.005 (Hognestad et al. 1955; 
Popovics 1973).  
 
 
Figure 2.1: Stress strain of unconfined concrete (Hognestad et al. 1955; Popovics 1973) 
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The low ultimate strain of unconfined concrete affects its ability to resist high axial strains 
in compression. Hence, under seismic events when reinforced concrete (RC) columns get 
subjected to high axial strain demands, unconfined concrete spalls at low strain levels, resulting in 
catastrophic failure. 
 Concrete confinement was first studied as a means to improve the ultimate strain of 
concrete by Richart et al. (1928). They studied the performance of concrete cylinder under tri-axial 
compression such that two lateral principal stresses were applied using fluid pressure while the 
third longitudinal stress was applied using a compression testing machine. The longitudinal axial 
stress was incremented gradually and the ratio of the three principal stresses was such that the axial 
stress was much larger than the lateral stresses at failure. Confined concrete, under tri-axial 
compression exhibited an increase in the axial strength which was approximately 4.1 times the 
strength of unconfined concrete. More importantly, the increase in axial strength was accompanied 
by very large axial deformations, which were as high as 7% of the concrete specimen length. Next, 
the researchers (Richart et al. 1929) studied the practical implementation of tri-axial compression 
state through the confinement of concrete using steel spirals. The lateral dilation of concrete was 
seen to engage the steel spirals, which developed tension and confined the concrete. Confinement 
of concrete using the steel spirals was seen to result in improvement of concrete strength and 
ductility. 
 Scott et al. (1982) performed experimental investigations on short RC columns confined 
with internal square or octagonal hoops, applying varying levels of confinement. These columns 
were subjected to compressive loads at high strain rates which were comparable to the rates 
observed during seismic loading. The experimental results indicated that the maximum available 
compressive strain of the concrete core which was confined by the hoops ranged from 0.017 to 
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0.038. The ultimate strain of concrete was defined corresponding to the first hoop rupture since 
beyond this axial strain level, the concrete disintegrated rapidly with sudden decrease in axial stress 
levels. They also concluded that high strain rates had a positive effect on the behavior of confined 
concrete, increasing the maximum axial stress and ultimate strain with a more gradually decreasing 
post-peak branch. 
 Ahmad and Shah (1982) studied the stress-strain behavior of concrete, with varying 
compressive strength, confined with spiral steel reinforcement. The effect of spiral pitch and yield 
strength of spiral reinforcement on concrete stress strain response was studied and a model 
incorporating the experimental results was developed. It was reported that the effectiveness of 
spiral reinforcement decreased with increase in concrete compressive strength. 
 Mander et al. (1988) developed a general stress-strain model for confined concrete 
considering various types of transverse reinforcement (spiral/ties), concrete strengths and different 
levels of confinement. In order to develop the model, they utilized basic principles of mechanics 
and combined these with some empirical relations developed by past researchers. The developed 
model also incorporated the cyclic axial behavior of concrete and compared favorably with 
experimental results existent in literature. The model utilized energy principles to calculate 
ultimate axial strains and clearly established the fact that the ultimate strain of concrete was a 
function of the amount of confining stress applied by the transverse steel. 
 The research cited above, established the fact that concrete confinement was necessary to 
improve the ductility of concrete and ensure satisfactory seismic performance of RC columns. 
However, a significant portion of this knowledge was not available when old seismic codes (before 
1971) were developed. Hence, the pre-1971 seismic code suggested providing transverse 
reinforcement of 12.7 mm diameter stirrups at a spacing of 305 mm. When this confinement level 
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is considered for typical RC bridge columns, having a diameter of 1.5 m, an ultimate concrete 
spalling strain between 0.0065 and 0.0075 is obtained as per the model developed by Mander et 
al. (1988). This represents an insignificant increase over the ultimate strain of unconfined concrete 
(0.005) and was found to be grossly inadequate in a series of earthquakes (1971 San Fernando, 
1989 Loma Prieta, 1994 Northridge). Although seismic codes have undergone many revisions 
since 1971 to incorporate the current knowledge available, a significant portion of bridge 
infrastructure, built before 1971, is characterized by insufficiently confined columns. The lack of 
confinement makes these columns vulnerable to failure under future earthquakes. A number of 
retrofitting schemes have been proposed to confine the columns externally and improve their 
ductility. These retrofitting schemes can be broadly subdivided into passive and active 
confinement. 
 
2.2 PASSIVE CONFINEMENT 
In the passive confinement retrofitting scheme, the external confinement pressure gets 
applied due to the dilation of concrete under axial loads. Concrete section is essentially wrapped 
with material having significant tensile capacity. When the concrete is loaded in compression, it 
dilates laterally due to Poisson’s effect, and pushes against the confining material. This induces 
tension in the confining material which confines the concrete. Two of the most commonly used 
devices for applying passive confinement are steel jackets and fiber reinforced polymer (FRP) 
sheets. 
 
9 
 
2.2.1 Steel Jackets 
 Chai et al. (1991) proposed the use of steel jackets to improve the flexural ductility of 
vulnerable columns designed as per pre-1971 seismic provisions. They performed large-scale 
column tests to study the improvement obtained by retrofitting the plastic hinge region of 
vulnerable circular columns with bonded steel jackets. A slightly oversized steel jacket was applied 
to the circular column and a cement-based grout was used to fill the gap and achieve bonding 
between the steel jacket and the column. The test results indicated that application of a steel jacket 
with a volumetric ratio (ρ) of 3.1% resulted in displacement ductility of 7 with a stable hysteresis 
loop. Due to the application of steel jackets, the failure mode changed from crushing of concrete 
to the rupture of longitudinal rebars due to low cycle fatigue. 
 Priestley et al. (1994a; 1994b) extended the use of steel jackets to non-circular sections by 
testing rectangular section retrofitted with elliptical jackets (refer to Figure 2.2). The elliptical 
shape of the jacket helped avoid the high stresses at the corners when a rectangle steel jacket was 
used. The retrofitted columns were subjected to lateral cyclic loading and their response was 
compared with as-built vulnerable columns. The as-built columns underwent brittle failure while 
the columns retrofitted with steel jackets showed a stable hysteretic response with displacement 
ductility exceeding 8. 
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Figure 2.2: Elliptical steel jacket used for confining rectangular columns (Priestley et al. 1994a) 
 
 Daudey and Filiatrault (2000) extended the application of steel jacket retrofitting to RC 
columns with generic cross-section. They performed quasi-static tests on five small scale pier 
models of columns of an existing bridge structure in Montreal. One column was kept unretrofitted 
while the other four columns were retrofitted with either circular/ elliptical jackets. Figure 2.3 
shows the retrofitting scheme adopted for the grooved column considered in the research study. 
The as-built column reported a displacement ductility between 1 and 2 and this displacement 
ductility increased to 6 when steel jacketing was applied. 
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Figure 2.3: Retrofitting of column with generic cross-section using circular/elliptical jackets 
(Daudey and Filiatrault 2000) 
 
 Xiao and Wu (2003) proposed improvements to the steel jacket retrofitting scheme by 
forming jackets by welding thin steel plates and improving their efficiency in plastic hinge regions 
by welding additional stiffeners. Figure 2.4 shows the schemes tested by researchers. The 
additional stiffener improved the efficiency of the steel jackets and increased the displacement 
ductility. 
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Figure 2.4: Improving the efficiency of steel jackets by welding stiffeners (Xiao and Wu 2003) 
 
 Choi et al. (2009) proposed a new jacketing technique that eliminated the use of grout 
typically used for bonding the steel jacket and concrete column. Concrete cylinders were jacketed 
by attaching 2 semi-circular split jackets and the jackets were brought in contact by applying 
external pressure using clamps. The clamped jackets were welded to form a single circular jacket. 
The confinement technique was shown to be as effective as the conventional steel jacketing method 
which used grouting for bonding concrete and the jacket. 
 
2.2.2 Fiber Reinforced Polymer (FRP) 
Fiber reinforced polymer is a composite material that has been proposed as a means of 
confining concrete. Glass / carbon fiber fabrics are impregnated with epoxy resin and wrapped 
around a vulnerable concrete column as shown in Figure 2.5. The curing of the epoxy resin creates 
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a rigid FRP shell that bonds well to the concrete surface due to the presence of the epoxy resin. 
FRP represents another type of passive confinement scheme since it relies on the dilation of 
concrete to confine the concrete. 
 
 
Figure 2.5: Application of FRP confinement to concrete column (Mojarrad 2015) 
 
 Katsumata et al. (1988) introduced the idea of using carbon fibers to confine concrete when 
he winded carbon fibers around RC columns and bonded them with the concrete surface using a 
resin. The columns wrapped with the carbon fibers were subjected to lateral cyclic loading and the 
research study found that the energy dissipation and the ultimate displacement capacity of the 
columns increased approximately linearly with increase in carbon fiber quantity. 
 Saadatmanesh et al. (1994) studied the application of FRP composite straps made using E-
glass fibers and carbon fibers on vulnerable columns in the form of individual rings/ continuous 
spiral as shown in Figure 2.6. The experimental tests conducted indicated a significant increase in 
both the compressive strength and strain at ultimate failure. Comparing the material behavior of 
E-glass and carbon fibers, the authors commented that E-glass had a higher elongation under 
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tensile loading at failure while carbon fibers possessed higher energy absorbing capacity due to 
their higher modulus. Hence, for equal volume of straps the improvement in ductility was larger 
for carbon straps. 
 
 
Figure 2.6: Application of FRP composite straps for concrete confinement (Saadatmanesh et al. 
1994) 
 
 Mirmiran and Shahawy (1996, 1997) proposed the application of FRP confinement in the 
form of prefabricated tubes which would perform the dual function of serving as formwork for 
casting the column and acting as confinement for these columns. The prefabricated FRP tube with 
the RC column, referred to as concrete filled fiber tube (CFFT), also contained fibers in the 
longitudinal direction which improved the flexural capacity of the columns. Figure 2.7 contains a 
schematic of the CFFT system proposed by the researchers. Concrete cylinders cast as CFFTs were 
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tested under compression and it was reported that the FRP composite helped curtail the rate of 
concrete dilation unlike conventional steel transverse reinforcement. Subsequently, other 
researchers studied the behavior of various concrete elements cast using CFFT tubes and created 
analytical models to model their stress-strain behavior (Davol et al. 2001; Fam and Rizkalla 2001; 
Shao and Mirmiran 2005) 
 
 
Figure 2.7: Application of FRP confinement in the form of prefabricated tubes(Mirmiran and 
Shahawy 1996) 
 
 A significant amount of research has been performed to experimentally characterize the 
response of concrete confined with FRP and various models have been developed to predict the 
axial stress strain behavior of FRP confined concrete (Toutanji 1999; Xiao and Wu 2000; Lam and 
Teng 2004). Efforts have also been made to develop cyclic axial stress-strain models for large 
scale RC columns confined with FRP which account for the section size and the amount of internal 
steel transverse reinforcement present (Wang et al. 2012). 
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In all the passive confinement schemes discussed above, the development of external 
confinement pressure is dependent on the lateral dilation of concrete under axial load. The increase 
in lateral strain of concrete is also representative of damage in concrete. Thus, passive confinement 
devices need the concrete to operate under damaged condition for their deployment (Li 2006). 
 
2.3 ACTIVE CONFINEMENT 
An active confinement scheme, in contrast to the passive confinement schemes discussed 
above, develops initial external confinement pressure independent of the dilation of concrete and 
hence confines concrete before its lateral dilation and associated damage. The stress strain 
behavior of concrete under triaxial stress state, which is representative of active confinement has 
been studied experimentally (Attard and Setunge 1996; Lmran and Pantazopoulou 1996) and 
significant improvement in ductility has been reported at confinement pressures much lower than 
those typically used in FRP confinement. In most of these tests, active confinement was applied 
using tri-axial confinement devices (refer to Figure 2.8) which use fluid pressure to confine the 
concrete laterally. 
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Figure 2.8: Tri-axial testing device (Lmran and Pantazopoulou 1996) 
 
 Although the efficiency of active confinement was established experimentally, a lack of 
devices capable of implementing it in actual practice hindered its progress. Saatcioglu and Yalcin 
(2003) developed a technique to apply active confinement without relying on fluid pressure. Figure 
2.9 shows the application of technique developed by them. First, anchors were fastened on the 
columns using concrete nails. Then, prestressing strands were threaded through these anchors and 
prestressed using a hydraulic jack which resulted in the concrete getting subjected to active 
confinement. 
 
18 
 
 
Figure 2.9: Application of active confinement using prestressed steel strands (Saatcioglu and 
Yalcin 2003) 
 
 Nesheli and Meguro (2006) introduced the application of active confinement using 
prestressed FRP belts. In their proposed scheme, concrete sections were wrapped with individual 
FRP belts which were prestressed using a simple wrench (refer to Figure 2.10). The carbon 
fiber/aramid belts were attached to steel cylinder which were connected by bolts and pulled 
together by manually screw driving the bolts. 
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Figure 2.10: Prestressing of FRP belts for application of active confinement (Nesheli and 
Meguro 2006) 
 
Zīle et al. (2009) and Ciniņa et al. (2012) proposed an elaborate mechanism to pretension FRP 
windings (refer to Figure 2.11) before applying them on concrete cylinders which resulted in 
development of active confinement in concrete. 
 
 
Figure 2.11: Mechanism to pre-tension FRP windings (Ciniņa et al. 2012) 
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Although these schemes (Saatcioglu and Yalcin 2003; Nesheli and Meguro 2006) were 
able to successfully implement the concept of active confinement in concrete, the excessive 
mechanical hardware, labor and time required for implementation of these schemes proved 
detrimental to their application in practice. To overcome these limitations, various innovative 
schemes for applying active confinement pressure have been proposed. Yan et al. (2007) proposed 
the use of expansive cement concrete to post-tension a prefabricated FRP shell. The desire to 
confine concrete actively without relying on external hardware and without the use of chemically 
modified concrete, lead to the proposal for the use of shape memory alloys (SMA) to confine 
concrete actively. 
 
2.3.1 SMA Active Confinement 
Self-stressing composites made using shape memory fibers, which activate on heating and 
apply active confinement, represented the first instance of application of materials possessing the 
property of “shape memory” in applying active confinement (Krstulovic-Opara and Thiedeman 
2000). Andrawes and Shin (2008) and Andrawes et al. (2010) introduced and studied the 
application of active lateral confinement by thermal prestressing using shape memory alloy (SMA) 
spirals. These spirals have the ability to remember their previous shape, a phenomenon referred to 
as the shape memory effect (Duerig and Melton 1989; Otsuka and Wayman 1999).  
The shape memory effect of SMA is exhibited in Figure 2.12. The alloy exhibits two 
microstructural phases, namely Martensite and Austenite depending on its thermo-mechanical 
state. If mechanically loaded in the Martensite phase, the alloy exhibits non-linear behavior with 
large inelastic deformation (refer to Figure 2.12) which results in the storage of residual strains 
upon unloading. On subsequent heating of the alloy, it starts transforming to the austenite phase at 
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the Austenite start temperature (As) and becomes fully Austenite at the Austenite finish 
temperature (Af). The microstructural transformation of the alloy from Martensite to Austenite 
corresponds to the alloy releasing the stored residual strains and regaining its original 
(undeformed) shape. However, if the alloy is constrained during the heating process, the shape 
recovery is prevented, which leads to development of recovery stress in the alloy. This recovery 
stress is retained as long as the ambient temperature remains above the Martensite start temperature 
(Ms).  
 
 
Figure 2.12: Shape memory effect of unconstrained SMA 
 
  The procedure adopted for the application of SMA confinement in vulnerable RC columns 
is illustrated in Figure 2.13. A prestrained SMA wire in the martensite phase is wound along the 
vulnerable RC column in the form of a spiral. At the top and bottom ends of the confined region, 
the SMA wire is bent in the form of a horizontal circular loop around the RC column and attached 
to the preceding spiral turn using splicing connections (Shin and Andrawes 2010). The SMA wire 
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is then activated using an appropriate heat source to trigger the shape memory, which leads to the 
application of active confinement on the RC column. The small diameter of the SMA wires 
required to apply the amount of active confinement required for RC column retrofitting allows the 
winding of the spiral around the column to be achieved without significant investment of time and 
labor. 
 
 
Figure 2.13: Procedure for installation of SMA confinement in vulnerable RC columns 
 
 NiTiNb SMA emerged as a promising candidate for the application of active confinement 
due to its wide temperature hysteresis (Dommer and Andrawes 2012; Suhail et al. 2016). Figure 
2.14 depicts the temperature hysteresis of a generic SMA along with the acceptable service range 
for the proposed application of active confinement. NiTiNb SMA was reported to have an Af 
temperature of 76 oC with full activation reported at a temperature of 185o C, which means the 
shape memory effect can be triggered using a simple blow torch without the need for a special 
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RC column 
RC column wound 
with SMA spiral 
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connection 
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high temperature heat source. Also, the variation in residual recovery stress over a temperature 
range of -10o C and 55oC, which represents the range of ambient temperatures, was less than 10%.  
 
 
Figure 2.14: Temperature hysteresis of SMA (Dommer and Andrawes 2012) 
 
 Shin and Andrawes (2010) established the procedure to be used for practical 
implementation of active confinement by testing possible connections to be used for the creation 
of a self-constrained spiral. They also tested SMA confined concrete cylinders under monotonic 
axial compression and compared their response with cylinders wrapped with Glass FRP (GFRP) 
sheets applying comparable amount of confinement. Figure 2.15 shows the results of the 
experimental tests where Passive-2 and Passive-3 are GFRP confined cylinders and Active-SMA 
is a SMA confined cylinder which applies an active confining pressure that lies between the 
passive confining pressure applied by Passive-2 and Passive-3. The figure clearly illustrates the 
superiority of active confinement in improving concrete ductility in comparison to passive 
confinement. The active-SMA concrete cylinder was able to sustain a significant amount of 
residual stress post the peak stress value and failed due to the rupture of SMA spiral at a very high 
axial strain value of 0.04. 
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Figure 2.15: Comparison of stress-strain behavior SMA confined and GFRP confined specimens 
(Shin and Andrawes 2010) 
 
 Application of the active confinement technique by using NiTiNb and NiTi SMA spirals, 
which were wrapped without any gap between subsequent spiral turns (pitch equals the SMA wire 
diameter), by using a heating jacket to trigger the shape memory effect was studied by Choi et al. 
(2008, 2010). They commented that NiTiNb SMA spirals confined concrete more efficiently than 
NiTi SMA spirals. They also noted that SMA active confinement mainly increased the ultimate 
strain and residual stress of concrete while having little effect on the peak strength. 
 Pseudo-static lateral cyclic testing (Shin and Andrawes 2011b) and dynamic shake table 
testing (Jung and Andrawes 2016) was also carried out on small scale columns retrofitted with 
SMA spirals in their plastic hinge region to test the applicability of the proposed active 
confinement scheme at a structural level. The experimental results showed that significant 
improvements in displacement ductility and energy dissipation capacity were achieved using this 
technique in comparison with passive confinement applied using traditional FRP confinement.  
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 Shin and Andrawes (2011a) studied the potential of active SMA confinement for 
rehabilitation of severely damaged columns. The experimental test results indicated that SMA 
rehabilitation successfully restored the strength, stiffness and flexural ductility of the damaged 
columns. The rehabilitation technique was applied with minimal labor, hardware and required a 
total time of only 15 hours. 
 Chen and Andrawes (2017) tested 20 concrete cylinders with varying unconfined strength, 
which were confined with NiTiNb SMA confinement applying different amount of lateral active 
confinement. Figure 2.16 shows images of some of the tested cylinders. These cylinders were 
subjected to cyclic axial compression and extensive instrumentation was used to obtain the 
progression of the axial strain and lateral strain. The experimental results were able to fully 
characterize the material behavior of NiTiNb SMA confined concrete. Empirical equations that 
predicted salient features of the stress strain curve of SMA confined concrete, such as peak stress, 
residual stress and ultimate strain were also proposed. 
 
 
Figure 2.16: SMA confined concrete cylinders with varying active confinement (Chen and 
Andrawes 2017a) 
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 Chen and Andrawes (2014) also modeled SMA confined concrete using finite element 
analysis (FEA) by developing flow rule and hardening/softening function based on prior 
experimental tests. The results of the FEA analysis in conjunction with the results of the cyclic 
axial compression tests (Chen and Andrawes 2017a), were used to develop a 3-dimensional 
plasticity-based constitutive model for NiTiNb SMA confined concrete (Chen and Andrawes 
2017b). The model was able to closely simulate the axial and lateral stress strain of concrete 
confined with NiTiNb SMA spirals. The plasticity based model was also used to create a 1-
dimensional axial stress-strain model  for NiTiNb SMA confined concrete which was implemented 
in the material library of Opensees (Mazzoni et al. 2006) as ‘ConcreteSMA’. This material model 
made it possible to accurately model SMA confined concrete in Opensees using the fiber section 
approach and allowed the computational capabilities of opensees to be used for accurately 
modeling the behavior of SMA retrofitted RC columns under seismic loading. 
 
2.4 PERFORMANCE BASED DESIGN 
Although the efficacy of SMA spiral confinement method in improving the seismic 
performance of RC bridge columns has been established experimentally and numerically there is 
a lack of design guidelines regarding the seismic behavior of actual bridge columns retrofitted 
using SMA spirals. Performance based design (PBD) has found wide applicability in the field of 
earthquake engineering since it relates the design criteria to a stated performance objective 
(Ghobarah 2001; Cornell et al. 2002; Moehle and Deierlein 2004; Yang et al. 2009). In PBD 
framework, the objectives for the performance of a structure are defined in terms of decision 
variables (DV) (ex:- economic loss) and PBD aims to calculate the mean annual frequency (MAF) 
of the DV exceeding a certain threshold value z (Cornell and Krawinkler 2000; Mackie and 
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Stojadinovic 2001). Example:  PBD could aim to calculate the MAF of the economic loss (DV) 
exceeding z dollars.  The total probability framework is used to calculate this MAF using Equation 
2.1. (Mackie and Stojadinovic 2001). 
 
𝜆𝐷𝑉 (𝑧) =  ∬ 𝐺𝐷𝑉|𝐷𝑀  (𝑧|𝑦)  𝑑𝐺𝐷𝑀|𝐼𝑀(𝑦|𝑥)  |𝑑𝜆𝐼𝑀(𝑥)|                                (2.1) 
 
In this equation λDV(z) is the MAF of the DV exceeding a certain value z that PBD intends to 
evaluate and it is composed of three parts:- 
 GDV|DM is known as the capacity model and is the probability of the DV exceeding z given 
that the demand measure (DM) equals y. 
 GDM|IM is known as the demand model and is the probability of the DM exceeding y given 
that the intensity measure (IM) equals x. 
 λIM is known as the seismic hazard model and is the MAF of the intensity measure (IM) 
exceeding x during an earthquake that occurs at the given site.  
 
Figure 2.17 depicts the framework of PBD graphically and indicates how the seismic 
performance of a structure is related to the seismic hazard that exists at that location. The seismic 
hazard model is used to determine the MAF of IM exceeding a certain value. It is location 
dependent and is developed by consulting seismic hazard maps of a particular region. The demand 
model develops a relation between the IM, which quantifies the earthquake intensity and the DM, 
which quantifies the seismic demand imposed by the earthquake on the structure. This relation is 
typically obtained for individual structures by performing non-linear analysis under a suite of 
ground motion records and relating the intensity of the ground motion to the structural demand 
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imposed by the ground motion. Finally, the capacity model relates the structural demand 
(quantified in terms of DM) to the variables used by policy makers to make decision (DV) such as 
cost of repair, economic loses. 
 
 
 
Figure 2.17: Framework of performance based design (Mackie and Stojadinovic 2001) 
 
 The crucial structural engineering link in this process is obviously the development of 
probabilistic seismic demand models which relate the demand on the structure to the intensity of 
the ground motion. These demand models can be used to quantify the effect of various parameters 
of a structural system on its seismic performance. Hence, this thesis focuses on developing 
probabilistic seismic demand models for bridge columns retrofitted with NiTiNb SMA spirals to 
understand the effect of varying active confinement on the structural performance of SMA 
retrofitted columns.
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CHAPTER 3 : STRUCTURE DEFINITION AND GROUND MOTION SELECTION 
 
Probabilistic seismic demand models (PSDM) seek to establish a relation between the 
intensity measure (IM) of an earthquake and the demand imposed by the earthquake on the 
structure, which is quantified in terms of demand measure (DM). The major aspects involved in 
the development of these models include: 1) Definition of the class of the structures for which 
seismic analysis is undertaken and identification of a ground motion suite, 2) Identification of 
possible IM and DM pairs to be used for creating the models 3) Execution of regression analyses 
to establish relation between possible IM-DM pairs and identification of the most optimal IM for 
predicting a certain DM to be used in the development of the final demand model. 
This chapter deals with the first step of PSDM, which defines the class of the structures for 
which demand models are developed and selects the earthquake ground motion records used in 
their development. Since the research presented in this thesis relates to the seismic damage 
assessment of reinforced concrete (RC) bridge columns retrofitted with SMA spirals, the class of 
structures considered were vulnerable bridge columns which required retrofitting. These columns 
were retrofitted with SMA spirals in the plastic hinge region and non-linear analysis was 
performed to obtain the response of the retrofitted columns under the suite of ground motion 
records developed. 
 
3.1 DESCRIPTION OF BRIDGE COLUMN MODELS 
A family of pre-1971 RC bridge columns prone to failure due to insufficient flexural 
ductility under moderate and high intensity earthquakes is considered this study. The aim of this 
work was to develop universal seismic demand models for such vulnerable RC bridge columns 
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which could be applied to a variety of bridge systems independent of the type of the superstructure. 
Hence, the bridge columns were modeled as cantilever structures with mass lumped at the top. A 
schematic of the bridge column is presented in Figure 3.1.  
A hypothetical superstructure mass of 5.2 x 105 kg was lumped at the top of the column. 
Further, an axial load equivalent to 10% of the gross section capacity of the column was applied 
at the top of the column and held constant during analysis. To capture the varying dynamic 
characteristics of the columns, the stiffness of the columns was varied by changing the concrete 
compressive strength and column’s aspect ratio. Orthogonal array based Latin hypercube sampling 
was used for this purpose. To simplify the analysis, the diameter of the column was fixed at 1.52 
m and its aspect ratio was varied between 4 and 8, which corresponds to column height of 6.08 m 
and 12.16 m, respectively. This range ensures that the behavior of the columns is governed by 
flexure. The percentage of longitudinal reinforcement was fixed at 2% which was provided using 
26 rebars having a diameter of 43 mm. Internal transverse reinforcement was provided using steel 
rebar having a diameter of 12.7 mm in the form of a spiral with a pitch of 305 mm. This transverse 
reinforcement was in accordance with the pre-1971 guidelines. A square footing having a side of 
7.3 m and a depth of 1.2 m was considered. 
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Figure 3.1: Schematic of the analyzed columns 
 
3.1.1 Latin Hypercube Sampling 
Orthogonal array based Latin Hypercube sampling (Tang 1993) was performed on concrete 
strength (variable 1) and aspect ratio (variable 2) to generate 64 column configurations. Figure 3.2 
depicts the various sampling schemes used for generation of bi-variate samples where X is used to 
indicate the selection of one realization of the vector of 2 random variables. In the random 
sampling technique (refer to Figure 3.2(a)), new sample points are generated randomly without 
taking into account the previously generated sample points. Thus, this method can result in biased 
sampling of individual variables such that if the overall range of an individual variable is divided 
into smaller ranges having equal probability, each of these ranges may not be sampled evenly. In 
Latin hypercube sampling (refer to Figure 3.2(b)), individual variables are sampled evenly i.e. 
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ranges of individual variables with equal probability are sampled evenly. However, the joint 
sample space need not be sampled evenly. In Figure 3.2(b), each variable (row, column) is divided 
into 4 divisions having equal probability and each variable is sampled evenly resulting in one 
selection from each row and column. However, the joint sample space is not sampled evenly since 
the upper left and lower right joint sample space has no selections. Orthogonal array-based Latin 
hypercube sampling (refer to Figure 3.2(c)) ensures that all the sample spaces of individual 
variables are sampled evenly along with the joint sample space. Hence, in Figure 3.2(c), in addition 
to imposing the restriction that each row and column has one selection to ensure uniform sampling 
of individual variables, orthogonal array based Latin hypercube sampling also requires that each 
of the 4 equally probable joint subspaces (indicated by a 2 x 2 array with bold borders in Figure 
3.2(c)) has one selection to ensure uniform sampling of the joint sample space. The orthogonal 
array based Latin hypercube sampling ensures that the configurations generated are a good 
representative of the real variability of random variables considered. 
 
 
Figure 3.2: Sampling methods (a) Random sampling (b) Latin hypercube sampling (c) 
Orthogonal array based Latin hypercube sampling (“Latin hypercube sampling” 2017) 
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 To generate the 64 column configurations, the concrete strength was assumed to follow a 
normal distribution with a mean of 38 MPa and a standard deviation of 3.45 MPa while the aspect 
ratio was considered to follow a uniform distribution between 4 and 8. The cumulative distribution 
function (CDF) was used to partition the individual variables (concrete strength and aspect ratio) 
into sample spaces having equal probability. A matlab script was then implemented to generated 
sample configurations such that the conditions imposed by orthogonal array based Latin hypercube 
sampling were satisfied. Figure 3.3 depicts the CDF of the samples generated using the procedure 
implemented in matlab. The 64 minor gridlines along the x-axis and y-axis divide the 2 individual 
variables into sample spaces having equal probability. Hence, each of the 64 rows and 64 columns 
has one selection. The major gridlines, which constitute an 8x8 box, divide the overall joint sample 
space into 64 joint sample spaces having equal probability. In adherence to the requirement of 
orthogonal based arrays, each of these 64 joint sample spaces has one selection. Finally, to retrieve 
the actual value of the individual variables, the inverse cumulative distributive function of the 
respective variable was used. The final value of the 2 individual variables (concrete strength and 
aspect ratio) for each sample point obtained using this procedure are depicted in Figure 3.4. The 
distribution of the individual variables is depicted in the form of histograms in Figure 3.5 (aspect 
ratio) and Figure 3.6 (concrete strength). Figure 3.5 shows that the aspect ratio follows a uniform 
distribution between 4 and 8 while Figure 3.6 shows that the concrete strength closely follows a 
normal distribution with a mean of 38 MPa and standard deviation of 3.45 MPa. Thus, the 
specifications concerning the distribution of individual variables were met. 
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Figure 3.3: Generation of CDFs of individual variables using orthogonal array based Latin 
hypercube sampling 
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Figure 3.4: Distribution of the samples of individual variables 
 
 
Figure 3.5: Histogram of aspect ratio of the generated samples 
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Figure 3.6: Histogram of concrete strength of the generated samples 
 
3.1.2 Representative Column Selection  
Column models, corresponding to each of the 64 configurations, were implemented in the 
finite element software, OpenSees (Mazzoni et al. 2006) using nonlinear displacement based 
beam-column elements. The cross-section of the column was modeled using fiber section approach 
and separated into core and cover concrete. The core concrete was modeled using Concrete04 
material and accounted for the effect of confinement provided by internal transverse reinforcement 
while the cover concrete was modeled using Concrete01. The material behavior of the longitudinal 
rebar was represented using Steel02 material. The footing was modeled as an elastic element and 
a rotational spring (refer to Figure 3.1) was introduced at the mid height of the foundation to 
capture its flexibility. Each of the columns was subjected to a pushover analysis to obtain its initial 
tangent stiffness which helped determine the natural period of the columns. The details of the 64 
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column configurations, along with their respective time periods obtained using pushover analyses, 
are presented in Table 3.1. The distribution of the natural time period of the column samples is 
represented in the form of a histogram in Figure 3.7. 
 
Table 3.1: Time period of the 64 column samples 
Sr. No. Aspect Ratio Column Height (m) Concrete Strength (MPa) Time Period (secs) 
1 4.44 6.77 30.63 0.56 
2 4.33 6.60 33.96 0.53 
3 4.26 6.49 36.12 0.51 
4 4.08 6.21 37.79 0.48 
5 4.18 6.37 38.82 0.50 
6 4.40 6.71 39.03 0.53 
7 4.02 6.12 40.87 0.46 
8 4.21 6.41 45.47 0.48 
9 4.61 7.03 33.90 0.58 
10 4.75 7.25 35.35 0.60 
11 4.94 7.54 36.51 0.63 
12 4.88 7.43 37.27 0.61 
13 4.86 7.41 38.37 0.61 
14 4.68 7.14 39.85 0.57 
15 4.51 6.88 40.52 0.54 
16 4.74 7.23 44.65 0.57 
17 5.15 7.86 32.66 0.68 
18 5.43 8.28 34.95 0.72 
19 5.37 8.19 35.68 0.71 
20 5.10 7.77 37.65 0.65 
21 5.22 7.96 38.55 0.67 
22 5.25 8.01 39.19 0.67 
23 5.03 7.67 41.86 0.62 
24 5.46 8.31 42.88 0.70 
25 5.84 8.91 33.13 0.81 
26 5.93 9.04 35.54 0.82 
27 5.67 8.63 36.65 0.76 
28 5.54 8.44 36.98 0.74 
29 5.78 8.80 38.27 0.78 
30 5.75 8.76 40.23 0.76 
31 5.57 8.48 40.72 0.72 
32 5.96 9.08 42.67 0.79 
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Table 3.1 (cont.)  
33 6.30 9.59 32.08 0.91 
34 6.36 9.69 34.59 0.91 
35 6.24 9.51 35.89 0.88 
36 6.07 9.26 36.92 0.84 
37 6.15 9.38 38.07 0.85 
38 6.05 9.22 39.51 0.82 
39 6.38 9.73 40.42 0.88 
40 6.49 9.89 43.25 0.89 
41 6.99 10.65 32.44 1.06 
42 6.93 10.56 34.24 1.03 
43 6.55 9.98 36.05 0.94 
44 6.58 10.03 37.42 0.94 
45 6.84 10.42 38.06 0.99 
46 6.63 10.10 39.72 0.94 
47 6.70 10.21 40.99 0.94 
48 6.80 10.36 42.00 0.96 
49 7.04 10.74 28.62 1.10 
50 7.48 11.40 35.22 1.15 
51 7.40 11.27 36.28 1.12 
52 7.17 10.93 37.14 1.07 
53 7.21 10.99 38.70 1.06 
54 7.30 11.12 40.05 1.07 
55 7.34 11.18 41.36 1.07 
56 7.11 10.83 42.20 1.02 
57 7.85 11.97 33.64 1.25 
58 7.74 11.80 34.80 1.21 
59 7.57 11.54 36.75 1.16 
60 7.91 12.05 37.72 1.23 
61 7.54 11.50 38.75 1.14 
62 7.78 11.85 39.40 1.18 
63 7.67 11.68 41.57 1.14 
64 7.95 12.12 44.17 1.20 
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Figure 3.7: Histogram of time period of column samples 
 
Figure 3.7 indicates that majority of the sampled columns have time periods between 0.5 
sec. and 1.2 sec. Hence, to capture the variation in the natural period of the columns within this 
range, three column groups were selected from among the sample columns to represent columns 
with short period (0.5 sec.), intermediate period (0.85 sec.), and long period (1.2 sec.). The columns 
selected from among the sampled columns are indicated in boldface in Table 3.1 (Sr. No. 5, 37 
and 64). Although the longitudinal reinforcement ratio (ρ), which was kept constant during the 
generation of column samples, has little impact on the time period it was expected to affect the 
column’s response under seismic loading. Hence, for each of the 3 column groups, two values of 
longitudinal reinforcement ratio were considered, namely 2% (26 rebars of 43 mm dia.) and 3% 
(38 rebars of 43 mm dia.) which resulted in a total of 6 columns. The characteristics of the selected 
columns are presented in Table 3.2. 
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Table 3.2: Properties of selected columns 
Period Category 
of Column 
Column 
No. 
Aspect 
Ratio 
Concrete 
Strength (MPa) 
ρ (%) 
Yield 
Strength 
(kN) 
Time 
Period 
(sec) 
Short-Period 
1 4.18 38.82 2 1650.18 
0.50 
2 4.18 38.82 3 2128.71 
Inter.-Period 
3 6.15 38.07 2 1072.99 
0.85 
4 6.15 38.07 3 1384.25 
Long-Period 
5 7.95 44.17 2 833.72 
1.20 
6 7.95 44.17 3 1072.43 
 
 
3.1.3 SMA Spiral Retrofitting  
The six representative columns used in this study (refer to Table 3.2) were retrofitted with 
thermally prestressed SMA spirals at the plastic hinge region to prevent flexural failure (refer to 
Figure 3.1). The length of the plastic hinge where the SMA spiral was applied was estimated as 
1.5 times the column diameter (Caltrans 2013). The SMA spirals cannot be extended into footing 
as required by AASHTO (2014) guidelines for new construction. This limitation is associated with 
all external retrofitting schemes. However, the application of active confinement using SMA 
spirals prevents excessive rotation of the plastic hinge which helps prevent the failure of the 
column footing connection. 
A new SMA material model named ‘ConcreteSMA’ that was developed and implemented 
in OpenSees by Chen and Andrawes (2017b) was used to represent the constitutive behavior of 
SMA confined concrete at the retrofitted region, while the portion of the column above the 
retrofitted region was modeled in the as-built condition using OpenSees’ material model 
Concrete04 for core concrete and Concrete01 for cover concrete. Three alternative active 
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confinement schemes, corresponding to lateral pressures of 1.03 MPa, 1.72 MPa and 2.41 MPa 
were applied in the retrofitted region of each of the 6 columns. Previous research (Chen and 
Andrawes 2017a) has indicated that when active confinement is reduced below 1.03 MPa, it will 
have small impact on the improvement of strength and ductility. Hence, this value was chosen as 
the lower bound for this study. The upper bound of the lateral active pressure was dictated by the 
need to minimize costs and time associated with the implementation of this technique. Since 3 
alternative retrofitting schemes were considered for each of the 6 columns described in Table 3.2, 
a total of 18 SMA retrofitted RC bridge columns were generated. 
 
3.2 GROUND MOTION RECORDS SELECTION 
A suite of 25 bi-directional historical far-field ground motion records obtained from the 
NGA West-2 PEER database (“NGA-West 2 Ground Motion Database” 2013) were considered in 
this study. The average predominant time period and the average significant duration of the 2 
orthogonal components of each earthquake record is presented in along with their respective 
magnitudes.  
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Table 3.3: Characteristics of selected ground motions 
Earthquake Station                      Mw 
 Predominant 
Time Period (sec) 
 Significant 
Duration D5-95 
(sec) 
Big Bear Desert Hot Springs 6.46 1.12 11.07 
Cape Mendocino South Bay Union School 7.01 1.20 13.89 
Chalfant Valley Benton 6.19 1.06 14.93 
Chi Chi CHY015 7.62 1.08 38.13 
Christchurch SLRC 6.20 0.29 13.03 
Chuetsu 
Muikamanchi 
Minamiuonuma City 
6.80 1.21 30.31 
Coalinga Parkfield - Fault Zone 1 6.36 1.48 25.21 
Darfield OXZ 7.00 0.65 23.02 
Denali R109 7.90 0.93 20.91 
Friuli Codroipo 6.50 1.46 18.14 
Griva Edessa 6.10 0.64 7.75 
Hector Mine Amboy 7.13 1.27 25.38 
Imperial Valley Delta 6.53 1.03 50.96 
Irpinia Brienza 6.90 0.23 11.76 
Kern County Taft Lincoln School 7.36 0.53 29.54 
Kobe Morigawachi 6.90 0.85 48.09 
Kocaeli Iznik 7.51 1.64 18.19 
Landers Fun Valley 7.28 0.65 29.40 
Livermore Del Valle Dam  5.80 1.62 9.71 
Nigata FKSH21 6.63 0.32 11.86 
Northridge Glendale - Las Palmas 6.69 0.40 10.48 
N Palm Springs San Jacinto - Soboba 6.06 0.51 8.34 
Parkfield Coalinga - Fire Station 39 6.00 0.96 26.64 
San Fernando LA - Hollywood Stor FF 6.61 0.73 13.29 
Whittier Narrows LA - 116th St School 5.99 0.44 8.06 
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The selected records have Mw magnitude ranging from 5.80 to 7.90. The distribution of the 
significant duration of the earthquake records and the frequency content of the earthquake ground 
motion which is represented in terms of the predominant time period have significant influence on 
the structural response. Hence, their distribution is represented in the form of histograms in Figure 
3.8 (predominant time period) and Figure 3.9 (significant duration). Figure 3.8 indicates that the 
average predominant time period varies between 0.2 and 1.8 seconds and the sampling is 
distributed almost uniformly over the range. Figure 3.9 shows that the average significant duration 
varies between 5 and 55 seconds. High duration earthquake ground motions occur with lower 
frequency which explains the lower number of ground motion records with significant duration 
greater than 30 seconds. Thus the selected ground motions have sufficient variability in the 
frequency characteristics and duration. 
 
 
Figure 3.8: Histogram of predominant time period of selected ground motion records 
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Figure 3.9: Histogram of significant duration of selected ground motion records 
 
Each of the 25 ground motions was then scaled to create variability in the amplitude of the 
motion. The mean of the elastic spectral acceleration (Sa) of the 2 orthogonal components of the 
ground motion, measured at the natural period of the columns, was used as basis for scaling the 
ground motion records. The average acceleration response spectra, obtained by taking mean of Sa 
for the bi-directional components without scaling is represented in Figure 3.10 for the 25 records 
considered in this study. 
Since the spectral acceleration decreases with time period, spectral acceleration of the 
records was scaled to a maximum value of 1.5g for the short-period columns, 1.2g for the 
intermediate-period columns and 0.9g for the long-period columns. The scaling is performed in 
intervals of 0.3g for all columns. Thus, the short period columns were subjected to seismic analysis 
under 25 ground motion and each ground motion record was scaled to 5 different Sa values (0.3g, 
0.6g, 0.9g, 1.2g and 1.5g), resulting in a total of 125 seismic analyses. Similarly, the intermediate 
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period columns and long period columns were subjected to seismic analyses under 100 ground 
motion records and 75 ground motion records respectively. 
 
 
Figure 3.10: Acceleration response spectra of earthquake records
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CHAPTER 4 : DEMAND MEASURE AND INTENSITY MEASURE DEFINITION 
 
The next step in the development of PSDM is to perform seismic analysis of the defined 
structures, which are bridge columns retrofitted with SMA spirals, under the suite of ground 
motion records. For every seismic analysis, corresponding to one earthquake record from the 
ground motion suite, the demand imposed by the earthquake is quantified using a vector of demand 
measures (DM). These DMs are then correlated an intensity measure (IM) which represents the 
intensity of the ground motion shaking. To select the most optimal IM for DM selection, various 
possible IM choices are considered. This chapter deals with the definition of DMs and the pool of 
IMs considered for the development of demand models. 
 
4.1 DEMAND MEASURES (DM) 
In order to develop seismic demand models for the columns retrofitted with SMA spirals, 
demand measures (DM) which represent the possible damage modes of these columns under 
earthquake ground motions are identified. These demand measures characterize structural response 
and provide an insight into the effect of column characteristics and type of retrofitting scheme on 
the damage sustained by the column during the earthquake. Four  DMs, namely maximum drift 
ratio, residual drift ratio, steel low-cycle fatigue damage index and energy based concrete damage 
index, each providing insight about a different damage condition were considered in this study.  
 
4.1.1 Maximum Drift Ratio 
The maximum drift ratio, represented by the maximum displacement recorded at the tip of 
the column scaled by the height of the cantilever column, has often been used to define damage 
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limit states for RC buildings (Ghobarah 2001) and bridges (Kowalsky 2000) under earthquake 
loading. The maximum drift ratio is associated with the post-earthquake serviceability of the 
structure. It is related to the strain demands at a cross-sectional level which provide a more reliable 
estimate of damage than stress based damage indicators. It is also related to the cost required to 
repair the damage sustained by the bridge during the earthquake. For the cantilever lumped mass 
model considered in this study, maximum displacements during the earthquake ground motion 
were recorded for the lumped mass at the top and these scaled by the respective column lengths 
were presented to indicate the maximum drift ratio of  the bridge column during the earthquake 
ground motion. 
 
4.1.2 Residual Drift Ratio 
The residual drift ratio is an important indicator of the post-earthquake functionality of the 
bridge and can greatly affect the safety of the bridge structure since it induces eccentricity at the 
top of bridge pier inducing an additional moment at the pier base which can be detrimental to 
bridge safety. During the 1995 Kobe earthquake, a large number of bridges experienced post-
earthquake residual drifts exceeding 1.75% (tilt exceeding 1°) and had to be demolished though 
they had not collapsed (Kawashima, et al. 1998). The residual displacements in the bridge column 
after an earthquake have been shown to affect the ability of the bridge to withstand aftershocks 
(Mackie and Stojadinovic 2004) and can be related to the time required to repair the bridge. 
To obtain the residual displacement of the retrofitted bridge columns in this study at the 
end of an earthquake event, a zero amplitude ground acceleration record was attached at the end 
of every ground motion record. The duration of the added zero acceleration record equaled the 
significant duration of the record. This resulted in damped free vibration of the lumped mass 
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system with decreasing amplitude post the original earthquake record and the displacement at the 
end of the augmented record (original record + zero amplitude record) was used to characterize 
the residual displacement at the end of the earthquake. 
 
4.1.3 Steel Low-Cycle Fatigue Damage Index (Steel DI) 
The increased ultimate strain of SMA confined cover concrete delays inelastic bar 
buckling. As a result, it was reported that the final damage under significant lateral active pressure 
often occurs due to rupture of unbuckled longitudinal rebars due to low-cycle fatigue (Shin and 
Andrawes 2011b). Low-cycle fatigue life expressions, which establish a relation between the 
number of half cycles to failure and the total strain amplitude, have been proposed for various 
rebar sizes based on experimental testing (Brown and Kunnath 2004). These relations have been 
shown to de dependent on the rebar diameter and the rolled deformations geometry. Equation 4.1 
presents the relation developed by Kunnath et al. (2009) for the fatigue life of 43 mm diameter 
rebar. The relation establishes N1/2, the number of half cycles to failure when the rebar is subjected 
to strain cycles with a constant amplitude of εm.  
 
𝑁1/2 = 0.0094 𝜀𝑚
−2.03                                                   (4.1) 
 
To compute the low-cycle fatigue damage index, Kunnath et al. (2009) suggested adding 
the damage index associated with each half cycle. To implement this procedure, the simple range 
counting procedure established by ASTM E1049-85 (2017) was applied to divide the strain history 
of the rebar into a series of half cycles. The damage index associated with each half cycle was 
computed by taking the reciprocal of the number of half cycles to failure corresponding to its strain 
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amplitude. The damage indices of the individual half cycles were then added to obtain the damage 
index for the rebar at the end of the seismic loading. Since the highest strain demands on the 
longitudinal rebar of a cantilever column during an earthquake event are at the base of the column, 
the steel DI for each rebar was calculated at this location. The maximum damage index among all 
longitudinal rebars at the end of the seismic event was presented as the steel DI of the column. A 
steel DI of 1.0 corresponds to rupture of a longitudinal rebar due to low cycle fatigue and is 
considered to be a collapse limit state for the column since it has a cascading effect on the rupture 
of other rebars. 
 
4.1.4 Energy Based Concrete Damage Index (Concrete DI) 
In order to quantify the damage in concrete, the capacity of the SMA confined concrete 
was first defined as the total strain energy capacity which is given by the total area under the axial 
stress-strain curve of the SMA confined concrete. The area under the stress-strain curve till the 
plastic strain at the end of earthquake loading, indicated by the shaded area in Figure 4.1, represents 
the strain energy capacity of the concrete that is permanently lost due to the demands imposed by 
the earthquake. This area divided by the total area under the stress strain curve was defined as the 
damage index for any concrete fiber in the column. The concrete damage index was computed at 
the end of ground motion for concrete fibers along the circumference of the base of the column. 
The maximum damage index among these fibers was defined as the concrete DI for the entire 
column. A concrete DI of 1.0 corresponds to rupture of the SMA spiral at the base of column 
corresponding to the location of the strain recorder which reaches this damage index. After rupture 
of the SMA spiral at any location, the confinement provided by it is lost due to which the SMA 
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confined concrete in the plastic hinge region reaches failure and this can be interpreted as a collapse 
limit state of the bridge column.  
 
 
Figure 4.1: Representation of strain energy capacity permanently lost after seismic event 
 
4.2 INTENSITY MEASURES (IM) 
To develop a seismic demand model, a group of ground motion intensity measures (IM) 
were considered from which the most optimal parameter would be selected. The IMs considered 
in this study can be categorized as duration-independent and duration-dependent as illustrated in 
Table 4.1. In this table 𝑢𝑔, 𝑢?̇? and 𝑢?̈? are the time histories of the ground displacement, ground 
velocity and ground acceleration, respectively while D refers to the total duration of the ground 
motion. PGA, PGV and PGD are the duration-independent intensity measures considered in the 
study. These peak motion parameters have been extensively monitored, studied and are well 
predicted using ground attenuation relations. Other ground intensity measures included in the study 
are dependent on the duration of the ground motion. They were considered because seismic 
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response of structural systems exhibiting strength and stiffness degradation has been shown to be 
significantly affected by the duration of strong motion (Jeong and Iwan 1988). In the current 
research study, it was expected that the low cycle fatigue damage index which is a function of the 
number of cycles would be significantly influenced by the duration of the ground motion.  It is 
important to note that spectral intensity measures were not considered since Sa has been used in 
the scaling of the ground motion records. Also, since bi-directional earthquake ground motions 
were used in the study, the geometric mean of the intensity measures in the orthogonal direction 
was used to compute the intensity measure corresponding to a particular earthquake record.  
 
Table 4.1: Ground motion intensity measures 
Intensity Measure Abbr. Description 
Duration 
Dependency 
Peak Ground Acceleration (g) PGA 𝑢𝑔,̈ 𝑚𝑎𝑥 
Duration 
Independent 
Peak Ground Velocity (cm/s) PGV 𝑢𝑔,̇ 𝑚𝑎𝑥 
Peak Ground Displacement (cm) PGD 𝑢𝑔𝑚𝑎𝑥 
 
Arias Intensity (cm/s) 
 
AI ( 𝜋 2𝑔 ) ∗  ∫ {𝑢?̈?}
2 𝑑𝑡
𝐷
0
⁄  
Duration 
Dependent 
Cumulative Absolute Velocity (cm/s) CAV ∫ |𝑢?̈?|
𝐷
0
 𝑑𝑡 
Specific Energy Density (cm2/s) SED ∫ {𝑢?̇?}
2 𝑑𝑡
𝐷
0
 
 
Velocity Intensity (cm) 
 
VI (1 𝑢𝑔,̇ 𝑚𝑎𝑥⁄ ) ∗  ∫ {𝑢?̇?}
2 𝑑𝑡
𝐷
0
 
Cumulative Absolute Displacement (cm) CAV ∫ |𝑢?̇?|
𝐷
0
 𝑑𝑡 
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CHAPTER 5 : PROBABILISTIC SEISMIC DEMAND MODEL DEVELOPMENT 
 
Seismic demand models establish a relation between DM and IM by predicting the 
probability density function of the DM at a given value of the IM as shown in Figure 5.1. In this 
figure D stands for the DM terminology used in this thesis. It is typical to assume that the DM 
follows a lognormal distribution at a given IM value (Shome 1999; Cornell et al. 2002). This 
implies that the natural logarithm of DM (ln (DM)) follows a normal distribution at a given IM 
value with a median Sd and a standard deviation of σ. 
 
 
Figure 5.1: Representation of DM-IM relation developed using PSDM (Padgett et al. 2008) 
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5.1 PSDM FRAMEWORK 
Since the distribution of the DM at a given IM value is assumed to be lognormal, the 
conditional probability of the DM exceeding a certain value (d) at a particular IM value; an 
important requirement in the probabilistic framework of performance based design can be 
expressed using equation (5.1). In this equation, φ is the standard normal cumulative distribution 
function, DMmedian (same as SD in Figure 5.1) is the median DM at a particular IM value and βDM|IM 
is the dispersion of the logarithm of DM (ln (DM)) when predicted using a particular IM. Using 
the assumption of homoscedasticity, the standard deviation of the ln (DM) at a given IM value (σ 
in Figure 5.1) is assumed to be equal to the overall dispersion of ln (DM) (which is represented as 
βDM|IM).  
 
𝑃[𝐷𝑀 ≥ 𝑑|𝐼𝑀] = 1 − 𝜑 (
ln(𝑑)−ln(𝐷𝑀𝑚𝑒𝑑𝑖𝑎𝑛)
𝛽𝐷𝑀|𝐼𝑀
)                                  (5.1) 
 
When developing a demand model to establish a relation between the median of DM (DMmedian) 
and IM, power function is typically used because it facilitates direct computation of integrals used 
in the framework of performance based design. This relation is expressed in equation (5.2), where 
a, b are constants obtained using regression analysis. 
 
𝐷𝑀𝑚𝑒𝑑𝑖𝑎𝑛 = 𝑎𝐼𝑀
𝑏                                                          (5.2) 
 
Taking logarithm of both sides results in the linear relationship represented by equation (5.3). 
 
ln(𝐷𝑀𝑚𝑒𝑑𝑖𝑎𝑛) = ln(𝑎) + 𝑏 ln (𝐼𝑀)                                     (5.3) 
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As a result of the linear relation between DMmedian and IM in the log-log space, coefficients a, b 
can be evaluated by performing a linear regression analysis between the logarithm of DM (ln 
(DM)) and logarithm of IM (ln (IM)) under a suite of ground motion records. The standard 
deviation of this regression analysis for an IM-DM pair, gives the value of dispersion (βDM|IM) 
required for evaluation of the conditional probability given in equation (5.1). The expression for 
βDM|IM is presented in equation (5.4) where DMi is the value of the DM under the ith ground motion 
in a suite that contains N ground motion records. 
 
𝛽𝐷𝑀|𝐼𝑀 =  √
∑(ln(𝐷𝑀𝑖)−ln (𝑎𝐼𝑀
𝑏))2
𝑁−2
                                                       (5.4) 
 
When selecting the optimal IM for development of the final demand model for a particular 
DM, it is typical to select the IM that results in least amount of dispersion (Shome 1999). The 
coefficient of determination, commonly referred to as R2 (ranging from 0 to 1) represents an 
effective way for assessing dispersion, where R2 value of 0 indicates no correlation between IM 
and DM and a value of 1 indicates perfect correlation. Hence, the IM giving the highest R2 value 
was designated as the optimal IM for the development of the final demand model. 
  Regression analysis was performed for each DM-IM pair to obtain the R2 value and the 
constants a, b described in equation (5.3). Figure 5.2 shows the result of one such regression 
analysis. The results of the remaining regression analyses are presented in Appendix A.  For every 
DM, the IM giving the highest value of R2 was designated as the most optimal IM. 
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Figure 5.2: Sample regression analysis of Maximum Drift – PGV pair of column 3 retrofitted 
with SMA active confinement of 1.72 MPa. 
 
5.2 SELECTION OF OPTIMAL IM 
The R2 values corresponding to concrete DI for the column families retrofitted with SMA 
spirals providing a lateral active pressure of 1.72 MPa are represented in Figure 5.3. These results 
serve as a representative case, since the trends observed here were seen to be valid for other 
demand measures of columns retrofitted with various retrofitting schemes. Figure 5.3 shows that 
changing the longitudinal reinforcement ratio from 2% to 3% does not have a significant effect on 
the R2 value. Hence, in the subsequent discussion, the effect of the period of the column (i.e. short-
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period vs intermediate-period vs long-period) on the R2 value corresponding to various ground 
intensity measures is considered. 
 
 
Figure 5.3: Sample of R2 variation for concrete DI-IM pair 
 
The suitability of peak ground motion parameters, namely the PGA, PGV and PGD is first 
discussed. The figure indicates that for short-period columns, the PGV was the optimal parameter 
among the peak motion parameters with R2 values of 0.79 (ρ=2%) and 0.75 (ρ=3%). For the 
intermediate-period columns, both PGV and PGD gave relatively higher R2 values. In the case of 
long-period columns, it was clear that among the peak motion parameters, PGD was the optimal 
parameter. Also, it was seen that the R2 value corresponding to PGA reduced significantly as we 
moved from short-period structures to long-period structures while for PGD there was an increase 
in the R2 with increase in time period of the structure. These trends in the results indicated that 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
R
2
Short Period Col. (2%) Intermediate Period Col. (2%) Long Period Col. (2%)
Short Period Col. (3%) Intermediate Period Col. (3%) Long Period Col. (3%)
PGA PGV PGD
Peak Ground 
Motion IM
AI CAV
Velocity -
Duration IM
CAD
Acceleration-
Duration IM
SED VI
57 
 
with the increase in the column’s natural period the column shifts from an acceleration sensitive 
region to a velocity sensitive region and finally reaches a displacement sensitive region. With 
reference to the specific case of columns considered in this study, the short-period columns are 
located in the velocity sensitive region and the long-period columns in the displacement sensitive 
region. The intermediate-period columns are considered to be positioned in the transition region 
between the ground velocity and ground displacement sensitive regions.  
An important point to note is although none of the columns in this study were situated in 
the ground acceleration sensitive region, IMs that integrate a function of ground acceleration over 
the duration of the ground motion (i.e. AI and CAV) exhibited relatively high R2 values (R2 > 0.6) 
for short-period columns. This can be attributed to the fact that since integration of ground 
acceleration over time produces ground velocity, these IMs inherently contain information 
regarding the ground velocity. Thus, these IMs are deemed suitable for damage prediction in both 
the acceleration sensitive and velocity sensitive regions. Similarly, IMs which integrate a function 
of ground velocity over earthquake duration (i.e. SED, VI and CAD) resulted in relatively high R2 
values for all the columns, which was expected since the columns in this study were within the 
ground velocity and ground displacement sensitive regions.  
 
5.2.1 Feasibility of IM 
The feasibility of intensity measure relates to the availability of site specific information 
related to a particular intensity measure. For the intensity measures considered in this study, site 
specific information and well developed attenuation models are available for the peak ground 
motion intensity measures (PGA, PGV and PGD) while corresponding information regarding the 
other intensity measures is limited. Hence, the effect of choosing the optimum parameter among 
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peak ground motion intensity measures versus choosing it from among all eight intensity measures 
was evaluated. To do so, the increase in R2 (in terms of %) corresponding to the optimum intensity 
measure selected among all 8 intensity measures over the R2 value of the most optimum parameter 
among only the 3 peak ground motion parameters for all the cases is presented in Table 5.1. A 
percentage improvement of 0 indicates that the optimum parameter is among the peak ground 
motion parameters. The cases for which the improvement was greater than 15% are highlighted. 
It was seen that for maximum drift, residual drift and concrete DI, the improvement in R2, resulting 
from increasing the pool of intensity measures to include all the intensity measures as opposed to 
the peak ground intensity measures was less than 15% except for 6 cases (out of 54). For steel DI, 
improvements ranging between 15% and 30% were observed for 10 (out of 18 cases) and these 
were mainly significant for the intermediate-period and long-period columns. This was expected 
since the steel DI is a function of the number of strain cycles of the steel rebar which is dependent 
on the duration of the ground motion. The maximum improvement in R2 considering all cases was 
29.8% for residual drift of column 6 under a lateral confinement of 1.03 MPa. 
 
Table 5.1: Percentage improvement in R2 of optimal IM when selected among all IM over the R2 
of optimal IM selected among peak ground motion IM 
 Maximum Drift Residual Drift Concrete DI Steel DI 
Col. 
No. 
1.03 
MPa 
1.72 
MPa 
2.41 
MPa 
1.03 
MPa 
1.72 
MPa 
2.41 
MPa 
1.03 
MPa 
1.72 
MPa 
2.41 
MPa 
1.03 
MPa 
1.72 
MPa 
2.41 
MPa 
1 0 0 0 0 0 0 0 0 0 0 0 1.33 
2 0 0 0 0 0 0 0 0 0 4.68 4.19 7.25 
3 12.59 14.16 9.56 0 0 0 16.38 15.63 17.99 29.64 28.98 25.24 
4 1.91 2.81 3.07 0 0 0 4.12 4.42 4.17 25.85 26.08 29.34 
5 0 0 0 0 0 0 4.32 2.01 0.66 12.10 12.64 17.05 
6 3.91 2.44 2.23 29.80 22.75 20.89 9.12 7.45 6.42 22.72 24.34 27.87 
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5.3 PSDM DEVELOPED USING OPTIMAL IM 
The final demand models for the 4 DMs of each column retrofitted with different levels of 
active confinement pressure are presented in this section. Due to the considerations of IM 
feasibility, first the demand models developed by choosing the optimal IM among the peak ground 
motion parameters (PGA, PGV and PGD) are presented in Table 5.2. The units to be used for the 
IMs are given in Table 4.1. The level of dispersion associated with each model is also indicated in 
parenthesis in the form (R2, βDM|IM). The demand models with R2 value lower than 0.5 are 
highlighted. These demand models, which have high dispersion, correspond to the residual drift of 
long period columns and caution is warranted when using them. 
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Table 5.2: Demand models developed using peak ground IMs 
Note: (R2, βDM|IM) values associated with each model are presented in parenthesis 
Column Information  Median Demand Measure 
Period 
Category of 
Columns 
ρ 
% 
Active 
Lateral 
Pressure 
(MPa) 
 
Maximum 
Drift (%) 
(x 10-2) 
Residual 
Drift (%) 
(x 10-5) 
Concrete DI 
(x 10-6) 
Steel DI 
(x 10-5) 
Short Period 2 
1.03  
6.70 𝑃𝐺𝑉0.8977 
(0.76, 0.32) 
0.562 𝑃𝐺𝑉2.5268 
(0.72, 1.01) 
1.93 𝑃𝐺𝑉3.1237 
(0.75, 1.16) 
1.89 𝑃𝐺𝑉2.3809 
(0.74, 0.91) 
1.72  
6.81 𝑃𝐺𝑉0.8954 
(0.77, 0.32) 
2.33 𝑃𝐺𝑉2.0844 
(0.71, 0.86) 
3.80 𝑃𝐺𝑉2.8077 
(0.78, 0.97) 
3.04 𝑃𝐺𝑉2.1980 
(0.75, 0.83) 
2.41  
6.97 𝑃𝐺𝑉0.8881 
(0.77, 0.32) 
6.64 𝑃𝐺𝑉1.7559 
(0.59, 0.94) 
5.60 𝑃𝐺𝑉2.5735 
(0.78, 0.89) 
4.26 𝑃𝐺𝑉2.0655 
(0.73, 0.82) 
Short Period 3 
1.03  
7.06 𝑃𝐺𝑉0.8475 
(0.72, 0.34) 
0.366 𝑃𝐺𝑉2.6280 
(0.77, 0.92) 
1.25 𝑃𝐺𝑉3.1630 
(0.72, 1.25) 
2.06 𝑃𝐺𝑉2.2286 
(0.68, 0.97) 
1.72  
6.75 𝑃𝐺𝑉0.8631 
(0.74, 0.32) 
0.672 𝑃𝐺𝑉2.4531 
(0.76, 0.87) 
2.27 𝑃𝐺𝑉2.8757 
(0.74, 1.08) 
2.92 𝑃𝐺𝑉2.0909 
(0.70, 0.88) 
2.41  
7.26 𝑃𝐺𝑉0.8480 
(0.74, 0.32) 
1.58 𝑃𝐺𝑉2.2319 
(0.75, 0.82) 
3.91 𝑃𝐺𝑉2.6218 
(0.75, 0.96) 
5.06 𝑃𝐺𝑉1.9165 
(0.68, 0.83) 
Inter. Period 2 
1.03  
50.6 𝑃𝐺𝐷0.5434 
(0.64, 0.33) 
3.37 𝑃𝐺𝑉2.0754 
(0.58, 1.08) 
8.08 𝑃𝐺𝑉2.5498 
(0.64, 1.16) 
152 𝑃𝐺𝐷1.4505 
(0.59, 0.99) 
1.72  
49.6 𝑃𝐺𝐷0.5501 
(0.63, 0.35) 
19.7 𝑃𝐺𝑉1.6028 
(0.59, 0.81) 
9.15 𝑃𝐺𝑉2.3774 
(0.65, 1.06) 
183 𝑃𝐺𝐷1.3127 
(0.58, 0.91) 
2.41  
49.3 𝑃𝐺𝐷0.5559 
(0.66, 0.33) 
35.1 𝑃𝐺𝑉1.4607 
(0.56, 0.80) 
13.3 𝑃𝐺𝑉2.1566 
(0.64, 0.99) 
209 𝑃𝐺𝐷1.2270 
(0.59, 0.82) 
Inter. Period 3 
1.03  
11.0 𝑃𝐺𝑉0.7822 
(0.70, 0.32) 
2.91 𝑃𝐺𝑉2.1757 
(0.72, 0.85) 
2.82 𝑃𝐺𝑉2.8115 
(0.70, 1.16) 
4.30 𝑃𝐺𝑉1.9209 
(0.60, 0.99) 
1.72  
11.3 𝑃𝐺𝑉0.7763 
(0.69, 0.32) 
3.13 𝑃𝐺𝑉2.1159 
(0.66, 0.95) 
3.56 𝑃𝐺𝑉2.6194 
(0.72, 1.01) 
6.11 𝑃𝐺𝑉1.7821 
(0.59, 0.92) 
2.41  
11.8 𝑃𝐺𝑉0.7656 
(0.69, 0.32) 
10.1 𝑃𝐺𝑉1.8162 
(0.57, 0.99) 
4.82 𝑃𝐺𝑉2.4231 
(0.73, 0.92) 
9.32 𝑃𝐺𝑉1.6402 
(0.57, 0.88) 
Long Period 2 
1.03  
55.3 𝑃𝐺𝐷0.4989 
(0.61, 0.29) 
𝟔𝟓𝟒 𝑷𝑮𝑫𝟎.𝟗𝟖𝟗𝟐 
(0.25, 1.25) 
207 𝑃𝐺𝐷2.1174 
(0.58, 1.32) 
66.9 𝑃𝐺𝐷1.4730 
(0.59, 0.89) 
1.72  
55.0 𝑃𝐺𝐷0.5010 
(0.62, 0.29) 
𝟏𝟑𝟓𝟖 𝑷𝑮𝑫𝟎.𝟕𝟒𝟑𝟎 
(0.24, 0.97) 
235 𝑃𝐺𝐷1.8901 
(0.60, 1.12) 
83.9 𝑃𝐺𝐷1.3312 
(0.61, 0.79) 
2.41  
54.0 𝑃𝐺𝐷0.5058 
(0.62, 0.29) 
𝟏𝟏𝟕𝟕 𝑷𝑮𝑽𝟎.𝟓𝟒𝟎𝟏 
(0.09, 1.03) 
256 𝑃𝐺𝐷1.6986 
(0.61, 0.99) 
95.1 𝑃𝐺𝐷1.2433 
(0.59, 0.76) 
Long Period 3 
1.03  
61.8 𝑃𝐺𝐷0.4471 
(0.59, 0.28) 
𝟔𝟖𝟐 𝑷𝑮𝑫𝟏.𝟎𝟏𝟒𝟖 
(0.30, 1.16) 
213 𝑃𝐺𝐷2.0937 
(0.59, 1.32) 
73.5 𝑃𝐺𝐷1.3825 
(0.54, 0.96) 
1.72  
61.8 𝑃𝐺𝐷0.4444 
(0.60, 0.27) 
𝟔𝟎𝟒 𝑷𝑮𝑫𝟏.𝟎𝟑𝟖𝟖 
(0.41, 0.94) 
234 𝑃𝐺𝐷1.8787 
(0.61, 1.14) 
95.7 𝑃𝐺𝐷1.2258 
(0.55, 0.83) 
2.41  
61.7 𝑃𝐺𝐷0.4419 
(0.60, 0.27) 
𝟏𝟒𝟗𝟐 𝑷𝑮𝑫𝟎.𝟔𝟕𝟎𝟕 
(0.23, 0.92) 
270 𝑃𝐺𝐷1.6637 
(0.60, 1.03) 
126 𝑃𝐺𝐷1.0833 
(0.53, 0.78) 
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Next, demand models with respect to optimal IMs, which are not among peak ground motion IMs 
(cases with non-zero values in Table 5.1) are presented in Table 5.3.  
 
Table 5.3: Demand models developed using non-peak ground IMs 
Column 
Information Median Demand 
Measure 
Active Lateral Pressure (MPa) 
Period 
Category  
ρ 
(%) 
1.03 1.72 2.41 
Short Period  2 
Steel DI 
(x 10-8) 
-NA- -NA- 
4.48 𝐶𝐴𝑉1.9218 
(0.74, 0.81) 
Short Period 3 
Steel DI 
(x 10-8) 
1.10𝐶𝐴𝑉2.0945 
(0.71, 0.92) 
2.57 𝐶𝐴𝑉1.9604 
(0.72, 0.84) 
6.65 𝐶𝐴𝑉1.8231 
(0.73, 0.76) 
Inter. Period  2 
Maximum Drift (%) 
(x 10-2) 
9.25 𝑆𝐸𝐷0.3845 
(0.72, 0.29) 
8.69 𝑆𝐸𝐷0.3920 
(0.71, 0.30) 
9.03 𝑆𝐸𝐷0.3880 
(0.72, 0.29) 
Concrete DI 
(x 10-6) 
1.45 𝑆𝐸𝐷1.3853 
(0.75, 0.97) 
1.90 𝑆𝐸𝐷1.2875 
(0.75, 0.89) 
2.80 𝑆𝐸𝐷1.1853 
(0.76, 0.80) 
Steel DI 
(x 10-5) 
0.907 𝑆𝐸𝐷1.1014 
(0.76, 0.75) 
1.81 𝑆𝐸𝐷0.9942 
(0.75, 0.71) 
3.10 𝑆𝐸𝐷0.9157 
(0.74, 0.65) 
Inter. Period 3 
Maximum Drift (%) 
(x 10-2) 
8.37 𝑆𝐸𝐷0.3926 
(0.71, 0.32) 
8.46 𝑆𝐸𝐷0.3913 
(0.71, 0.31) 
8.82 𝑆𝐸𝐷0.3864 
(0.71, 0.31) 
Concrete DI 
(x 10-6) 
0.930 𝑆𝐸𝐷1.4261 
(0.73, 1.10) 
1.25 𝑆𝐸𝐷1.3306 
(0.75, 0.95) 
1.85 𝑆𝐸𝐷1.2294 
(0.76, 0.87) 
Steel DI 
(x 10-5) 
0.945 𝑆𝐸𝐷1.0712 
(0.75, 0.99) 
1.49 𝑆𝐸𝐷0.9948 
(0.75, 0.73) 
2.32 𝑆𝐸𝐷0.9273 
(0.74, 0.69) 
Long Period  2 
Concrete DI 
(x 10-6) 
1.57 𝑉𝐼2.3456 
(0.60, 1.28) 
3.32 𝑉𝐼2.0704 
(0.62, 1.10) 
5.88 𝑉𝐼1.8483 
(0.61, 0.99) 
Steel DI 
(x 10-5) 
1.72 𝑉𝐼1.6915 
(0.66, 0.81) 
3.02 𝑉𝐼1.5324 
(0.68, 0.71) 
3.77 𝑉𝐼1.4589 
(0.69, 0.76) 
Long Period 3 
Maximum Drift (%) 
(x 10-1) 
1.64 𝑆𝐸𝐷0.3041 
(0.62, 0.27) 
1.68 𝑆𝐸𝐷0.3001 
(0.62, 0.27) 
1.70 𝑆𝐸𝐷0.2981 
(0.61, 0.27) 
Residual Drift (%)   
(x 10-3) 
𝟎. 𝟏𝟕𝟐 𝑺𝑬𝑫𝟎.𝟕𝟕𝟑𝟒 
(0.39, 1.08) 
𝟎. 𝟏𝟔𝟗 𝑺𝑬𝑫𝟎.𝟕𝟔𝟖𝟎 
(0.50, 0.86) 
𝟏. 𝟓𝟑 𝑺𝑬𝑫𝟎.𝟒𝟗𝟐𝟏 
(0.28, 0.89) 
Concrete DI 
(x 10-6) 
0.322 𝑆𝐸𝐷1.4594 
(0.64, 1.23) 
0.748 𝑆𝐸𝐷1.2995 
(0.65, 1.07) 
1.74 𝑆𝐸𝐷1.1452 
(0.64, 0.98) 
Steel DI 
(x 10-5) 
1.72 𝑉𝐼1.6607 
(0.66, 0.82) 
3.28 𝑉𝐼1.4821 
(0.68, 0.70) 
5.91 𝑉𝐼1.3283 
(0.67, 0.64) 
Note: (R2, βDM|IM) values associated with each model are presented in parenthesis 
 
The demand model for a particular DM in Table 5.3 has a higher R2 value than the 
corresponding demand model in Table 5.2 and should be used when information about the non-
62 
 
peak IMs is available. Again, the units of the IMs are given in Table 4.1. The demand models with 
R2 value less than or equal to 0.5 are highlighted and again these corresponded to the residual drifts 
of long period columns. All the demand models presented in Table 5.2 and Table 5.3, have a R2 
value less than 0.8. The lack of a higher R2 value is attributed to the unpredictability associated 
with seismic analysis which makes it difficult to relate structural demand directly to an intensity 
measure which essentially represents the entire ground record characteristics using a single value. 
 
5.4 CONFINEMENT PRESSURE EFFECT 
To evaluate the effect of the amount of lateral active confinement pressure provided by the 
SMA in the plastic hinge region on the seismic behavior of columns, the demand models developed 
using peak ground motion IM (refer to Table 5.2) were compared. In this comparison, the column’s 
longitudinal reinforcement ratio and aspect ratio were kept constant and the effect of change in 
amount of lateral active pressure on the median value of demand measure was observed 
qualitatively. From Table 5.2, it can be seen that optimal peak ground motion IM used for the 
development of demand models was independent of the amount of lateral active pressure and was 
dependent only on the columns aspect ratio. Hence, the developed demand models for various 
amount of lateral active confinement could be directly compared since they were based on the 
same peak ground motion IM. The results for such a comparison for intermediate-period columns 
with longitudinal reinforcement of 3% are shown in Figure 5.4. The relation between the DM and 
IM is depicted using a logarithmic scale on both axes. The power demand models, presented in 
Table 5.2, transform into linear relations in the log-log space. The R2 value corresponding to the 
linear regression analysis between the natural logarithm of DM and IM is also presented in these 
plots to quantify the dispersion associated with each demand model. Although the plots depicted 
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here are for one particular case, the trends observed in this case were representative of all other 
comparisons.  
 
 
Figure 5.4: Effect of lateral active pressure on structural response (intermediate-period columns 
with 3% longitudinal reinforcement) 
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It was observed that increasing the active confinement pressure had no effect on the median 
maximum drift as the demand models coincided for all the 3 lateral pressures. In the case of 
residual drift, a reduction in median residual drift was obtained by increasing the lateral pressure 
at high intensities of ground motion where residual drifts can be detrimental to post-earthquake 
bridge functionality. Although this trend was reversed at lower intensity earthquakes, the 
observation is unlikely to be of much significance since in these earthquakes the residual drifts 
were less than 0.1%. The median concrete DI on the other hand reduced significantly with the 
increase of active confinement pressure irrespective of the intensity of the earthquake. Also it was 
noticed that an increase in the active confinement pressure lead to a reduction in the median steel 
DI at high earthquake intensity though it had no discernible effect at low earthquake intensity. 
 
5.5 REFERENCE EARTHQUAKE CASE STUDY 
In this section, the developed PSDM were used to evaluate the median demand measures 
for each column group with different levels of SMA confinement pressure under a high intensity 
earthquake. For this purpose, the PGV and PGD corresponding to a high intensity reference 
earthquake were obtained using the Next Generation Attenuation model developed by Campbell-
Bozorgnia (2008). A magnitude 8.0 earthquake with strike-slip faulting, ZTOR 0, VS 30 760 m/s 
(NEHRP BC site conditions), and Z2.5 2.0 km having a closest distance to rupture of 10 km, was 
considered as the reference earthquake. The PGV and PGD estimates were obtained as 50 cm/s 
and 43.29 cm, respectively. The demand models for each column were evaluated at these IM values 
to get the estimate of a median demand measure for various lateral pressures and these were 
normalized by the value of the median demand measure at 1.03 MPa. The normalized median 
demand measures for various columns are presented in Figure 5.5. 
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Figure 5.5: Normalized median DM for different confinement levels: (a) short period columns; 
(b) intermediate period columns; (c) long period columns 
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It can be seen that for all column groups, the increase in lateral active pressure has no 
significant effect on the median maximum drift. High residual drifts were observed for long-period 
columns. Hence, median residual drifts for these long period columns were most crucial since they 
could serve as the potential limit states. For long-period columns with 2% reinforcement, a 
reduction in the median residual drifts of 18% and 46% was observed on increasing the active 
confinement pressure from 1.03 MPa to 1.72 MPa and 2.41 MPa, respectively. For long-period 
columns with 3% reinforcement, there was negligible reduction in median residual drift on 
increasing the lateral pressure from 1.03 MPa to 1.72 MPa (< 5%). However, significant reduction 
of 40% was obtained by increasing the lateral pressure from 1.03 MPa to 2.41 MPa. This suggests 
that in order to mitigate residual drifts for long-period columns, higher level of active confinement 
pressure is required, especially for columns with high longitudinal reinforcement. In case of 
concrete DI, irrespective of the column period, a reduction between 40% and 52% was obtained 
in the median value by increasing the lateral active pressure from 1.03 MPa to 1.72 MPa and this 
percentage reduction increased to lie between 62% and 74% when the lateral active pressure was 
increased from 1.03 MPa to 2.41 MPa. Thus, the increase in lateral pressure had a significant effect 
on the concrete DI. For the case of steel DI, the percentage reductions in the median value were 
much lower as compared to concrete DI, ranging between 17% and 27% for increasing active 
lateral confinement pressure from 1.03 MPa to 1.72 MPa and between 30% and 45% on increasing 
lateral confinement pressure from 1.03 MPa to 2.41 MPa. The increased post-peak capacity of 
concrete, resulted in a reduction in strain demands on the section reducing the steel DI.
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CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 SALIENT CONCLUSIONS 
This study focused on developing probabilistic seismic demand models for RC bridge 
columns retrofitted with SMA spirals with varying active confinement pressure. Columns with 
varying fundamental time period characteristics were chosen using orthogonal array based Latin 
Hypercube sampling. A total of 8 ground motion intensity measures (IMs) and 4 structural demand 
measures (DMs) were considered in developing the PSDMs. The major conclusions from the study 
are as follows:- 
 The optimal peak ground motion IM, which predicts the DM with least dispersion, is a 
function of the fundamental time period of the column and transitions from PGA 
(acceleration sensitive) to PGV (velocity sensitive) to PGD (displacement sensitive) with 
increase in time period. 
 Non-peak ground IMs which integrate functions of ground acceleration over ground 
motion duration (e.g. AI and CAV) are found to predict response in both the acceleration 
sensitive and velocity sensitive region with sufficiently low dispersion; while IMs which 
integrate function of ground velocity over ground motion duration (e.g. SED, VI and CAD) 
can effectively predict the response in velocity sensitive and displacement sensitive 
regions. 
 Information regarding the ground motion duration helps in predicting the low-cycle fatigue 
steel DI of intermediate and long period columns with lower dispersion. 
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 Increasing active confinement pressure reduced the damage in concrete significantly. 
Under reference earthquake, a reduction as high as 74% was observed in the median value 
of concrete DI due to increasing the active pressure from 1.03 MPa to 2.41 MPa. 
 The increased post-peak capacity of concrete helped in reducing strain demands on steel 
rebars leading to a reduction in the steel DI based on low cycle fatigue. For the reference 
earthquake considered, the reduction in the median steel DI was as high as 45% on 
increasing active confinement from 1.03 MPa to 2.41 MPa. 
 Residual drifts, were significantly reduced when active confinement pressure of 2.41 MPa 
was applied. Under the reference earthquake, an increase in active confinement pressure 
from 1.03 MPa to 2.41 MPa resulted in 40% reductions in the median residual drift of long 
period columns. 
 
6.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
The focus of this research work was to develop seismic demand models for RC columns 
retrofitted with SMA spirals. In future work, the probabilistic implications of these demand models 
could be discussed through the development of fragility curves. Also, the demand models have 
been developed using computational models which incorporate the experimental behavior of SMA 
confined concrete at a material level. It is recommended that these demand models be validated 
experimentally at the structural level. 
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APPENDIX A : REGRESSION ANALYSIS RESULTS 
 
The results of the regression analysis performed to develop the demand models are 
presented in this appendix. As mentioned in chapter 5, a power relation, described by equation 
A.1, is desired between the demand measure (DM) and intensity measure (IM). In this equation, 
a, b are constants used to describe the power relationship. 
 
𝐷𝑀 = 𝑎𝐼𝑀𝑏                                                        (A.1) 
 
Taking logarithm between both sides, results in equation (A.2), 
 
ln(𝐷𝑀) = ln(𝑎) + 𝑏 ln(𝐼𝑀)                                         (A.2) 
 
Hence, a linear regression analysis is undertaken between natural logarithm of DM (y-axis) 
and natural logarithm of IM (x-axis). The slope of this linear regression analysis gives the value 
of the constant b while the y-intercept gives the value of ln (a). When we take the exponential of 
the y-intercept, the value of constant a is retrieved. The goodness of fit is determined by the R2 
value associated with this linear regression analysis. 
For each DM, of a particular column which has is subjected to a certain level of lateral 
active confinement from SMA spirals, 8 possible IM (refer to Table 4.1) are considered and the R2 
values of the linear regression analysis are used to determine the most optimal IM for developing 
the demand model used to predict the DM. The research study considered 6 columns with 3 
retrofitting schemes, with each the demand in each being described by 4 DM. This resulted in a 
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total of 72 (6 x 3 x 4) demand measures, whose demand models we intend to develop. Since 8 IMs 
were considered as possible alternatives for the development of each demand model, a total of 576 
(72 x 8) regression analyses were performed. The results of each of these regression analyses are 
presented in Tables A.1 to A.18. These tables present the value of constants a, b and the value of 
R2. Each table corresponds to a particular retrofitting scheme of a particular column. The values 
of a, b and R2 are presented in separate tables to enhance readability. 
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Table A.1: Results of the regression analysis for column 1 retrofitted with 1.03 MPa SMA confinement 
 
Table A.1.1: R2 values for column 1 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.4664 0.5084 0.4830 0.4218 
PGV (cm/s) 0.7643 0.7226 0.7533 0.7412 
PGD (cm) 0.4423 0.3759 0.4112 0.4763 
AI (cm/s) 0.6746 0.6757 0.6866 0.6836 
CAV (cm/s) 0.6264 0.5876 0.6305 0.7153 
SED (cm2/s) 0.6477 0.5756 0.6250 0.7137 
VI (cm) 0.4566 0.3832 0.4322 0.5608 
CAD (cm) 0.5158 0.4344 0.4936 0.6251 
 
 
Table A.1.2: a values for column 1 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.84E+00 2.53E-01 9.54E-01 3.65E-01 
PGV (cm/s) 6.70E-02 5.62E-06 1.93E-06 1.89E-05 
PGD (cm) 5.19E-01 2.04E-03 2.63E-03 3.81E-03 
AI (cm/s) 1.49E-01 4.42E-05 2.73E-05 1.38E-04 
CAV (cm/s) 6.18E-03 7.28E-09 3.97E-10 1.02E-08 
SED (cm2/s) 9.57E-02 1.91E-05 7.33E-06 3.09E-05 
VI (cm) 1.94E-01 1.52E-04 8.86E-05 1.69E-04 
CAD (cm) 8.29E-02 1.58E-05 4.66E-06 1.42E-05 
 
 
Table A.1.3: b values for column 1 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6542 1.9772 2.3335 1.6756 
PGV (cm/s) 0.8977 2.5268 3.1237 2.3809 
PGD (cm) 0.4277 1.1414 1.4453 1.1953 
AI (cm/s) 0.4356 1.2620 1.5402 1.1809 
CAV (cm/s) 0.7511 2.1061 2.6416 2.1619 
SED (cm2/s) 0.3604 0.9836 1.2409 1.0189 
VI (cm) 0.4828 1.2806 1.6466 1.4411 
CAD (cm) 0.5327 1.4155 1.8268 1.5797 
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Table A.2: Results of the regression analysis for column 1 retrofitted with 1.72 MPa SMA confinement 
 
Table A.2.1: R2 values for column 1 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.4628 0.4839 0.4846 0.4165 
PGV (cm/s) 0.7711 0.7091 0.7776 0.7456 
PGD (cm) 0.4514 0.3876 0.4438 0.4930 
AI (cm/s) 0.6746 0.6711 0.6926 0.6895 
CAV (cm/s) 0.6300 0.6007 0.6408 0.7307 
SED (cm2/s) 0.6589 0.5784 0.6572 0.7266 
VI (cm) 0.4680 0.3938 0.4623 0.5763 
CAD (cm) 0.5264 0.4473 0.5224 0.6407 
 
 
Table A.2.2: a values for column 1 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.84E+00 1.56E-01 4.80E-01 2.70E-01 
PGV (cm/s) 6.81E-02 2.33E-05 3.80E-06 3.04E-05 
PGD (cm) 5.22E-01 2.87E-03 2.34E-03 3.93E-03 
AI (cm/s) 1.52E-01 1.23E-04 4.44E-05 1.89E-04 
CAV (cm/s) 6.37E-03 7.47E-08 2.10E-09 2.62E-08 
SED (cm2/s) 9.61E-02 5.95E-05 1.17E-05 4.59E-05 
VI (cm) 1.93E-01 3.20E-04 1.07E-04 2.17E-04 
CAD (cm) 8.29E-02 4.71E-05 7.54E-06 2.17E-05 
 
 
Table A.2.3: b values for column 1 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6471 1.6063 2.0678 1.5325 
PGV (cm/s) 0.8954 2.0844 2.8077 2.1980 
PGD (cm) 0.4290 0.9652 1.3284 1.1194 
AI (cm/s) 0.4325 1.0473 1.3685 1.0916 
CAV (cm/s) 0.7480 1.7733 2.3559 2.0112 
SED (cm2/s) 0.3610 0.8211 1.1258 0.9463 
VI (cm) 0.4854 1.0811 1.5065 1.3448 
CAD (cm) 0.5345 1.1961 1.6627 1.4720 
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Table A.3: Results of the regression analysis for column 1 retrofitted with 2.41 MPa SMA confinement 
 
Table A.3.1: R2 values for column 1 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.4552 0.3636 0.4755 0.3951 
PGV (cm/s) 0.7670 0.5948 0.7789 0.7261 
PGD (cm) 0.4568 0.3543 0.4586 0.4967 
AI (cm/s) 0.6681 0.5239 0.6808 0.6790 
CAV (cm/s) 0.6291 0.4710 0.6333 0.7357 
SED (cm2/s) 0.6624 0.4861 0.6677 0.7266 
VI (cm) 0.4750 0.3315 0.4756 0.5885 
CAD (cm) 0.5331 0.3719 0.5338 0.6507 
 
 
Table A.3.2: a values for column 1 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.81E+00 1.01E-01 2.60E-01 2.14E-01 
PGV (cm/s) 6.97E-02 6.64E-05 5.60E-06 4.26E-05 
PGD (cm) 5.22E-01 3.55E-03 1.94E-03 3.95E-03 
AI (cm/s) 1.55E-01 3.16E-04 5.65E-05 2.30E-04 
CAV (cm/s) 6.59E-03 7.49E-07 6.42E-09 4.48E-08 
SED (cm2/s) 9.68E-02 1.46E-04 1.49E-05 5.76E-05 
VI (cm) 1.93E-01 6.00E-04 1.11E-04 2.39E-04 
CAD (cm) 8.27E-02 1.23E-04 9.72E-06 2.66E-05 
 
 
Table A.3.3: b values for column 1 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6383 1.2808 1.8758 1.4215 
PGV (cm/s) 0.8881 1.7559 2.5735 2.0655 
PGD (cm) 0.4293 0.8487 1.2366 1.0699 
AI (cm/s) 0.4281 0.8511 1.2426 1.0316 
CAV (cm/s) 0.7435 1.4442 2.1449 1.9218 
SED (cm2/s) 0.3600 0.6923 1.0391 0.9011 
VI (cm) 0.4864 0.9122 1.3994 1.2940 
CAD (cm) 0.5349 1.0031 1.5392 1.4127 
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Table A.4: Results of the regression analysis for column 2 retrofitted with 1.03 MPa SMA confinement 
 
Table A.4.1: R2 values for column 2 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.5160 0.5596 0.5301 0.4534 
PGV (cm/s) 0.7199 0.7671 0.7219 0.6819 
PGD (cm) 0.3583 0.3901 0.3494 0.3920 
AI (cm/s) 0.7022 0.7441 0.7195 0.7061 
CAV (cm/s) 0.6282 0.6505 0.6445 0.7139 
SED (cm2/s) 0.5622 0.6058 0.5671 0.6183 
VI (cm) 0.3712 0.4042 0.3766 0.4660 
CAD (cm) 0.4414 0.4664 0.4450 0.5377 
 
 
Table A.4.2: a values for column 2 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.64E+00 2.84E-01 9.68E-01 2.61E-01 
PGV (cm/s) 7.06E-02 3.66E-06 1.25E-06 2.06E-05 
PGD (cm) 5.24E-01 1.78E-03 2.31E-03 3.42E-03 
AI (cm/s) 1.37E-01 2.93E-05 1.37E-05 9.96E-05 
CAV (cm/s) 6.59E-03 2.95E-09 1.44E-10 1.10E-08 
SED (cm2/s) 1.12E-01 1.47E-05 6.83E-06 4.30E-05 
VI (cm) 2.26E-01 1.27E-04 9.24E-05 2.28E-04 
CAD (cm) 1.00E-01 1.11E-05 4.47E-06 2.16E-05 
 
 
Table A.4.3: b values for column 2 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6695 2.0942 2.5288 1.6955 
PGV (cm/s) 0.8475 2.6280 3.1630 2.2286 
PGD (cm) 0.3739 1.1720 1.3761 1.0566 
AI (cm/s) 0.4305 1.3312 1.6242 1.1665 
CAV (cm/s) 0.7272 2.2230 2.7451 2.0945 
SED (cm2/s) 0.3225 1.0056 1.2072 0.9138 
VI (cm) 0.4153 1.3020 1.5591 1.2573 
CAD (cm) 0.4751 1.4670 1.7777 1.4166 
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Table A.5: Results of the regression analysis for column 2 retrofitted with 1.72 MPa SMA confinement 
 
Table A.5.1: R2 values for column 2 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.5192 0.5648 0.5233 0.4485 
PGV (cm/s) 0.7416 0.7640 0.7413 0.6954 
PGD (cm) 0.3738 0.3858 0.3711 0.4141 
AI (cm/s) 0.7219 0.7485 0.7307 0.7125 
CAV (cm/s) 0.6508 0.6439 0.6631 0.7245 
SED (cm2/s) 0.5858 0.5903 0.5900 0.6407 
VI (cm) 0.3911 0.3858 0.3966 0.4893 
CAD (cm) 0.4626 0.4494 0.4679 0.5576 
 
 
Table A.5.2: a values for column 2 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.68E+00 2.50E-01 4.84E-01 2.01E-01 
PGV (cm/s) 6.75E-02 6.72E-06 2.27E-06 2.92E-05 
PGD (cm) 5.17E-01 2.19E-03 2.02E-03 3.40E-03 
AI (cm/s) 1.33E-01 4.54E-05 2.08E-05 1.32E-04 
CAV (cm/s) 5.95E-03 9.11E-09 5.84E-10 2.57E-08 
SED (cm2/s) 1.07E-01 2.65E-05 1.01E-05 5.54E-05 
VI (cm) 2.16E-01 2.04E-04 1.05E-04 2.60E-04 
CAD (cm) 9.42E-02 2.13E-05 6.53E-06 2.88E-05 
 
 
Table A.5.3: b values for column 2 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6738 1.9679 2.2543 1.5667 
PGV (cm/s) 0.8631 2.4531 2.8757 2.0909 
PGD (cm) 0.3832 1.0901 1.2723 1.0090 
AI (cm/s) 0.4380 1.2488 1.4685 1.0886 
CAV (cm/s) 0.7427 2.0687 2.4983 1.9604 
SED (cm2/s) 0.3303 0.9285 1.1047 0.8642 
VI (cm) 0.4277 1.1896 1.4356 1.1970 
CAD (cm) 0.4880 1.3468 1.6356 1.3404 
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Table A.6: Results of the regression analysis for column 2 retrofitted with 2.41 MPa SMA confinement 
 
Table A.6.1: R2 values for column 2 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.5026 0.5690 0.5132 0.4189 
PGV (cm/s) 0.7432 0.7512 0.7518 0.6831 
PGD (cm) 0.3854 0.3703 0.3887 0.4274 
AI (cm/s) 0.7206 0.7259 0.7351 0.6966 
CAV (cm/s) 0.6637 0.6050 0.6776 0.7326 
SED (cm2/s) 0.6022 0.5685 0.6108 0.6487 
VI (cm) 0.4116 0.3642 0.4185 0.5076 
CAD (cm) 0.4846 0.4217 0.4911 0.5802 
 
 
Table A.6.2: a values for column 2 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.66E+00 2.34E-01 2.71E-01 1.59E-01 
PGV (cm/s) 7.26E-02 1.58E-05 3.91E-06 5.06E-05 
PGD (cm) 5.30E-01 3.13E-03 1.83E-03 3.77E-03 
AI (cm/s) 1.42E-01 9.33E-05 3.03E-05 2.04E-04 
CAV (cm/s) 6.37E-03 5.24E-08 1.96E-09 6.65E-08 
SED (cm2/s) 1.10E-01 5.86E-05 1.41E-05 8.33E-05 
VI (cm) 2.19E-01 3.84E-04 1.17E-04 3.32E-04 
CAD (cm) 9.52E-02 5.22E-05 8.97E-06 4.15E-05 
 
 
Table A.6.3: b values for column 2 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.6506 1.8123 2.0212 1.4002 
PGV (cm/s) 0.8480 2.2319 2.6218 1.9165 
PGD (cm) 0.3819 0.9799 1.1788 0.9480 
AI (cm/s) 0.4295 1.1284 1.3335 0.9954 
CAV (cm/s) 0.7360 1.8399 2.2863 1.8231 
SED (cm2/s) 0.3287 0.8361 1.0176 0.8042 
VI (cm) 0.4307 1.0606 1.3350 1.1274 
CAD (cm) 0.4902 1.1971 1.5170 1.2644 
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Table A.7: Results of the regression analysis for column 3 retrofitted with 1.03 MPa SMA confinement 
 
Table A.7.1: R2 values for column 3 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.2286 0.3279 0.2501 0.1474 
PGV (cm/s) 0.6169 0.5825 0.6437 0.5411 
PGD (cm) 0.6420 0.3558 0.5846 0.5857 
AI (cm/s) 0.3279 0.3900 0.3793 0.2906 
CAV (cm/s) 0.3648 0.3435 0.4335 0.3922 
SED (cm2/s) 0.7229 0.5272 0.7491 0.7592 
VI (cm) 0.5516 0.3115 0.5682 0.6695 
CAD (cm) 0.5761 0.3318 0.6076 0.6779 
 
 
Table A.7.2: a values for column 3 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.53E+00 1.69E-01 2.25E-01 9.85E-02 
PGV (cm/s) 1.50E-01 3.37E-05 8.08E-06 6.79E-05 
PGD (cm) 5.06E-01 2.95E-03 8.87E-04 1.52E-03 
AI (cm/s) 5.48E-01 9.76E-04 6.87E-04 1.98E-03 
CAV (cm/s) 5.35E-02 1.63E-06 8.11E-08 1.68E-06 
SED (cm2/s) 9.25E-02 2.36E-05 1.45E-06 9.07E-06 
VI (cm) 1.82E-01 2.80E-04 1.71E-05 3.83E-05 
CAD (cm) 7.13E-02 3.08E-05 5.11E-07 2.49E-06 
 
 
Table A.7.3: b values for column 3 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3125 1.1331 1.1567 0.7014 
PGV (cm/s) 0.7053 2.0754 2.5498 1.8462 
PGD (cm) 0.5434 1.2249 1.8352 1.4505 
AI (cm/s) 0.2230 0.7365 0.8489 0.5867 
CAV (cm/s) 0.4808 1.4127 1.8549 1.3932 
SED (cm2/s) 0.3845 0.9943 1.3853 1.1014 
VI (cm) 0.5487 1.2486 1.9709 1.6894 
CAD (cm) 0.5984 1.3750 2.1747 1.8140 
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Table A.8: Results of the regression analysis for column 3 retrofitted with 1.72 MPa SMA confinement 
 
Table A.8.1: R2 values for column 3 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.2341 0.3124 0.2560 0.1396 
PGV (cm/s) 0.6141 0.5924 0.6522 0.5233 
PGD (cm) 0.6255 0.4014 0.6020 0.5779 
AI (cm/s) 0.3317 0.3694 0.3833 0.2774 
CAV (cm/s) 0.3637 0.3191 0.4297 0.3768 
SED (cm2/s) 0.7140 0.5346 0.7541 0.7454 
VI (cm) 0.5412 0.3149 0.5687 0.6645 
CAD (cm) 0.5632 0.3333 0.6017 0.6659 
 
 
Table A.8.2: a values for column 3 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.55E+00 1.38E-01 1.28E-01 7.86E-02 
PGV (cm/s) 1.41E-01 1.97E-04 9.15E-06 1.16E-04 
PGD (cm) 4.96E-01 5.51E-03 7.07E-04 1.83E-03 
AI (cm/s) 5.26E-01 2.95E-03 5.80E-04 2.43E-03 
CAV (cm/s) 4.89E-02 2.72E-05 1.44E-07 4.35E-06 
SED (cm2/s) 8.69E-02 1.51E-04 1.90E-06 1.81E-05 
VI (cm) 1.75E-01 1.02E-03 1.93E-05 6.40E-05 
CAD (cm) 6.78E-02 1.90E-04 7.91E-07 5.61E-06 
 
 
Table A.8.3: b values for column 3 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3243 0.8470 1.0841 0.6218 
PGV (cm/s) 0.7218 1.6028 2.3774 1.6541 
PGD (cm) 0.5501 0.9963 1.7250 1.3127 
AI (cm/s) 0.2301 0.5489 0.7904 0.5223 
CAV (cm/s) 0.4924 1.0427 1.7107 1.2442 
SED (cm2/s) 0.3920 0.7668 1.2875 0.9942 
VI (cm) 0.5575 0.9613 1.8265 1.5335 
CAD (cm) 0.6068 1.0553 2.0046 1.6380 
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Table A.9: Results of the regression analysis for column 3 retrofitted with 2.41 MPa SMA confinement 
 
Table A.9.1: R2 values for column 3 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.2185 0.3086 0.2395 0.1218 
PGV (cm/s) 0.5990 0.5562 0.6416 0.4940 
PGD (cm) 0.6578 0.3435 0.6475 0.5941 
AI (cm/s) 0.3179 0.3547 0.3649 0.2590 
CAV (cm/s) 0.3562 0.2848 0.4156 0.3684 
SED (cm2/s) 0.7207 0.4795 0.7640 0.7441 
VI (cm) 0.5626 0.2679 0.5912 0.6904 
CAD (cm) 0.5766 0.2805 0.6150 0.6820 
 
 
Table A.9.2: a values for column 3 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.53E+00 1.40E-01 7.53E-02 6.72E-02 
PGV (cm/s) 1.52E-01 3.51E-04 1.33E-05 2.00E-04 
PGD (cm) 4.93E-01 8.08E-03 5.79E-04 2.09E-03 
AI (cm/s) 5.54E-01 4.02E-03 6.13E-04 3.09E-03 
CAV (cm/s) 5.39E-02 6.88E-05 3.40E-07 9.11E-06 
SED (cm2/s) 9.03E-02 3.11E-04 2.80E-06 3.10E-05 
VI (cm) 1.74E-01 1.89E-03 2.15E-05 8.80E-05 
CAD (cm) 6.90E-02 4.50E-04 1.19E-06 9.49E-06 
 
 
Table A.9.3: b values for column 3 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3087 0.7918 0.9589 0.5354 
PGV (cm/s) 0.7023 1.4607 2.1566 1.4815 
PGD (cm) 0.5559 0.8669 1.6362 1.2270 
AI (cm/s) 0.2219 0.5059 0.7054 0.4652 
CAV (cm/s) 0.4801 0.9265 1.5385 1.1341 
SED (cm2/s) 0.3880 0.6830 1.1853 0.9157 
VI (cm) 0.5600 0.8340 1.7032 1.4409 
CAD (cm) 0.6049 0.9106 1.8536 1.5282 
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Table A.10: Results of the regression analysis for column 4 retrofitted with 1.03 MPa SMA confinement 
 
Table A.10.1: R2 values for column 4 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3303 0.5100 0.3488 0.2117 
PGV (cm/s) 0.6967 0.7197 0.6976 0.5976 
PGD (cm) 0.5754 0.3394 0.5130 0.5514 
AI (cm/s) 0.4340 0.5437 0.4821 0.3671 
CAV (cm/s) 0.4427 0.4354 0.5191 0.4566 
SED (cm2/s) 0.7100 0.5458 0.7264 0.7520 
VI (cm) 0.4911 0.2699 0.5129 0.6261 
CAD (cm) 0.5373 0.3151 0.5791 0.6534 
 
 
Table A.10.2: a values for column 4 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.64E+00 2.55E-01 2.66E-01 9.22E-02 
PGV (cm/s) 1.10E-01 2.91E-05 2.82E-06 4.30E-05 
PGD (cm) 5.07E-01 4.77E-03 8.74E-04 1.52E-03 
AI (cm/s) 4.05E-01 7.13E-04 2.27E-04 1.07E-03 
CAV (cm/s) 2.89E-02 9.25E-07 6.74E-09 6.01E-07 
SED (cm2/s) 8.37E-02 4.36E-05 9.30E-07 9.45E-06 
VI (cm) 1.85E-01 6.81E-04 1.53E-05 4.54E-05 
CAD (cm) 6.93E-02 7.44E-05 3.43E-07 3.00E-06 
 
 
Table A.10.3: b values for column 4 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3951 1.3436 1.4585 0.8388 
PGV (cm/s) 0.7822 2.1757 2.8115 1.9209 
PGD (cm) 0.5269 1.1074 1.7868 1.3675 
AI (cm/s) 0.2715 0.8317 1.0280 0.6622 
CAV (cm/s) 0.5591 1.5174 2.1746 1.5055 
SED (cm2/s) 0.3926 0.9419 1.4261 1.0712 
VI (cm) 0.5349 1.0852 1.9635 1.6015 
CAD (cm) 0.5963 1.2497 2.2236 1.7436 
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Table A.11: Results of the regression analysis for column 4 retrofitted with 1.72 MPa SMA confinement 
 
Table A.11.1: R2 values for column 4 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3201 0.4416 0.3511 0.2010 
PGV (cm/s) 0.6919 0.6614 0.7226 0.5925 
PGD (cm) 0.5809 0.3637 0.5508 0.5621 
AI (cm/s) 0.4210 0.4706 0.4823 0.3494 
CAV (cm/s) 0.4318 0.3609 0.5122 0.4320 
SED (cm2/s) 0.7114 0.4978 0.7546 0.7470 
VI (cm) 0.4962 0.2436 0.5342 0.6228 
CAD (cm) 0.5399 0.2739 0.5917 0.6432 
 
 
Table A.11.2: a values for column 4 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.63E+00 2.06E-01 1.51E-01 7.41E-02 
PGV (cm/s) 1.13E-01 3.13E-05 3.56E-06 6.11E-05 
PGD (cm) 5.07E-01 3.63E-03 6.93E-04 1.60E-03 
AI (cm/s) 4.17E-01 8.00E-04 2.32E-04 1.30E-03 
CAV (cm/s) 3.09E-02 1.89E-06 1.84E-08 1.48E-06 
SED (cm2/s) 8.46E-02 4.76E-05 1.25E-06 1.49E-05 
VI (cm) 1.85E-01 6.99E-04 1.69E-05 6.36E-05 
CAD (cm) 6.98E-02 9.36E-05 5.40E-07 5.33E-06 
 
 
Table A.11.3: b values for column 4 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3874 1.2683 1.3394 0.7615 
PGV (cm/s) 0.7763 2.1159 2.6194 1.7821 
PGD (cm) 0.5272 1.1628 1.6949 1.2865 
AI (cm/s) 0.2663 0.7850 0.9411 0.6019 
CAV (cm/s) 0.5498 1.4014 1.9772 1.3644 
SED (cm2/s) 0.3913 0.9125 1.3306 0.9948 
VI (cm) 0.5355 1.0460 1.8344 1.4883 
CAD (cm) 0.5952 1.1820 2.0575 1.6118 
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Table A.12: Results of the regression analysis for column 4 retrofitted with 2.41 MPa SMA confinement 
 
Table A.12.1: R2 values for column 4 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3168 0.4224 0.3479 0.1908 
PGV (cm/s) 0.6901 0.5680 0.7292 0.5738 
PGD (cm) 0.5863 0.2958 0.5693 0.5513 
AI (cm/s) 0.4152 0.4184 0.4747 0.3378 
CAV (cm/s) 0.4249 0.2915 0.4972 0.4273 
SED (cm2/s) 0.7112 0.4052 0.7596 0.7422 
VI (cm) 0.4973 0.1842 0.5365 0.6314 
CAD (cm) 0.5381 0.1963 0.5851 0.6497 
 
 
Table A.12.2: a values for column 4 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.62E+00 2.03E-01 9.09E-02 6.38E-02 
PGV (cm/s) 1.18E-01 1.01E-04 4.82E-06 9.32E-05 
PGD (cm) 5.14E-01 6.37E-03 6.05E-04 1.85E-03 
AI (cm/s) 4.30E-01 1.53E-03 2.44E-04 1.55E-03 
CAV (cm/s) 3.37E-02 1.19E-05 4.80E-08 2.75E-06 
SED (cm2/s) 8.82E-02 1.70E-04 1.85E-06 2.32E-05 
VI (cm) 1.91E-01 1.84E-03 2.07E-05 8.46E-05 
CAD (cm) 7.33E-02 4.17E-04 9.36E-07 8.32E-06 
 
 
Table A.12.3: b values for column 4 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.3805 1.1490 1.2278 0.6938 
PGV (cm/s) 0.7656 1.8162 2.4231 1.6402 
PGD (cm) 0.5230 0.9714 1.5868 1.1914 
AI (cm/s) 0.2612 0.6856 0.8598 0.5534 
CAV (cm/s) 0.5386 1.1666 1.7939 1.2691 
SED (cm2/s) 0.3864 0.7626 1.2294 0.9273 
VI (cm) 0.5294 0.8424 1.6929 1.4013 
CAD (cm) 0.5869 0.9268 1.8841 1.5149 
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Table A.13: Results of the regression analysis for column 5 retrofitted with 1.03 MPa SMA confinement 
 
Table A.13.1: R2 values for column 5 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0523 0.0568 0.0478 0.0105 
PGV (cm/s) 0.2829 0.1855 0.2811 0.1980 
PGD (cm) 0.6150 0.2514 0.5787 0.5926 
AI (cm/s) 0.1074 0.0607 0.1089 0.0609 
CAV (cm/s) 0.1761 0.0356 0.1818 0.1564 
SED (cm2/s) 0.5568 0.2072 0.5647 0.5321 
VI (cm) 0.5879 0.1406 0.6037 0.6643 
CAD (cm) 0.5508 0.0975 0.5551 0.6250 
 
 
Table A.13.2: a values for column 5 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.17E+00 1.12E-01 6.87E-02 3.25E-02 
PGV (cm/s) 4.11E-01 1.58E-03 4.87E-05 5.50E-04 
PGD (cm) 5.53E-01 6.54E-03 2.07E-04 6.69E-04 
AI (cm/s) 1.07E+00 1.97E-02 3.12E-03 7.18E-03 
CAV (cm/s) 2.39E-01 4.29E-03 3.88E-06 7.24E-05 
SED (cm2/s) 1.57E-01 6.75E-04 6.51E-07 1.67E-05 
VI (cm) 1.94E-01 2.41E-03 1.57E-06 1.72E-05 
CAD (cm) 9.80E-02 1.62E-03 8.58E-08 1.90E-06 
 
 
Table A.13.3: b values for column 5 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1216 0.3932 0.5089 0.1635 
PGV (cm/s) 0.4204 1.0559 1.8334 1.0577 
PGD (cm) 0.4989 0.9892 2.1174 1.4730 
AI (cm/s) 0.1047 0.2440 0.4611 0.2369 
CAV (cm/s) 0.2795 0.3898 1.2425 0.7922 
SED (cm2/s) 0.3121 0.5905 1.3751 0.9176 
VI (cm) 0.5291 0.8025 2.3456 1.6915 
CAD (cm) 0.5360 0.6994 2.3542 1.7172 
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Table A.14: Results of the regression analysis for column 5 retrofitted with 1.72 MPa SMA confinement 
 
Table A.14.1: R2 values for column 5 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0486 0.0771 0.0515 0.0094 
PGV (cm/s) 0.2763 0.2026 0.2903 0.1953 
PGD (cm) 0.6186 0.2406 0.6049 0.6050 
AI (cm/s) 0.1026 0.0785 0.1123 0.0601 
CAV (cm/s) 0.1733 0.0394 0.1875 0.1589 
SED (cm2/s) 0.5570 0.2034 0.5795 0.5391 
VI (cm) 0.5967 0.1233 0.6170 0.6815 
CAD (cm) 0.5595 0.0767 0.5751 0.6418 
 
 
Table A.14.2: a values for column 5 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.16E+00 1.20E-01 4.20E-02 2.78E-02 
PGV (cm/s) 4.17E-01 3.82E-03 6.69E-05 7.47E-04 
PGD (cm) 5.50E-01 1.36E-02 2.35E-04 8.39E-04 
AI (cm/s) 1.09E+00 2.61E-02 2.69E-03 7.31E-03 
CAV (cm/s) 2.42E-01 8.38E-03 7.12E-06 1.14E-04 
SED (cm2/s) 1.56E-01 2.36E-03 1.50E-06 3.06E-05 
VI (cm) 1.90E-01 7.19E-03 3.32E-06 3.02E-05 
CAD (cm) 9.52E-02 6.26E-03 2.36E-07 4.08E-06 
 
 
Table A.14.3: b values for column 5 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1173 0.3516 0.4608 0.1390 
PGV (cm/s) 0.4160 0.8472 1.6267 0.9397 
PGD (cm) 0.5010 0.7430 1.8901 1.3312 
AI (cm/s) 0.1024 0.2131 0.4088 0.2106 
CAV (cm/s) 0.2777 0.3149 1.1018 0.7144 
SED (cm2/s) 0.3126 0.4492 1.2161 0.8261 
VI (cm) 0.5337 0.5769 2.0704 1.5324 
CAD (cm) 0.5409 0.4763 2.0921 1.5565 
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Table A.15: Results of the regression analysis for column 5 retrofitted with 2.41 MPa SMA confinement 
 
Table A.15.1: R2 values for column 5 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0451 0.0315 0.0532 0.0078 
PGV (cm/s) 0.2706 0.0873 0.2925 0.1885 
PGD (cm) 0.6153 0.0807 0.6104 0.5868 
AI (cm/s) 0.0975 0.0252 0.1126 0.0583 
CAV (cm/s) 0.1677 0.0058 0.1880 0.1609 
SED (cm2/s) 0.5512 0.0821 0.5796 0.5359 
VI (cm) 0.5940 0.0461 0.6144 0.6868 
CAD (cm) 0.5574 0.0195 0.5779 0.6477 
 
 
Table A.15.2: a values for column 5 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.15E+00 1.05E-01 2.72E-02 2.48E-02 
PGV (cm/s) 4.13E-01 1.18E-02 8.31E-05 8.59E-04 
PGD (cm) 5.40E-01 3.05E-02 2.56E-04 9.51E-04 
AI (cm/s) 1.09E+00 4.47E-02 2.30E-03 7.19E-03 
CAV (cm/s) 2.43E-01 3.64E-02 1.13E-05 1.32E-04 
SED (cm2/s) 1.52E-01 9.32E-03 2.84E-06 3.99E-05 
VI (cm) 1.84E-01 1.97E-02 5.88E-06 3.77E-05 
CAD (cm) 9.18E-02 2.39E-02 5.30E-07 5.59E-06 
 
 
Table A.15.3: b values for column 5 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1144 0.2185 0.4192 0.1195 
PGV (cm/s) 0.4167 0.5401 1.4609 0.8755 
PGD (cm) 0.5058 0.4181 1.6986 1.2433 
AI (cm/s) 0.1011 0.1173 0.3663 0.1967 
CAV (cm/s) 0.2765 0.1174 0.9870 0.6816 
SED (cm2/s) 0.3147 0.2772 1.0881 0.7811 
VI (cm) 0.5390 0.3429 1.8483 1.4589 
CAD (cm) 0.5465 0.2333 1.8762 1.4829 
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Table A.16: Results of the regression analysis for column 6 retrofitted with 1.03 MPa SMA confinement 
 
Table A.16.1: R2 values for column 6 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0809 0.1007 0.0932 0.0190 
PGV (cm/s) 0.3664 0.3032 0.3912 0.2349 
PGD (cm) 0.5942 0.3017 0.5872 0.5403 
AI (cm/s) 0.1640 0.1374 0.1865 0.0908 
CAV (cm/s) 0.2411 0.1384 0.2660 0.2061 
SED (cm2/s) 0.6174 0.3936 0.6408 0.5636 
VI (cm) 0.5933 0.3120 0.6041 0.6630 
CAD (cm) 0.5685 0.2798 0.5837 0.6332 
 
 
Table A.16.2: a values for column 6 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.18E+00 1.38E-01 8.06E-02 2.99E-02 
PGV (cm/s) 3.55E-01 6.70E-04 1.16E-05 3.06E-04 
PGD (cm) 6.18E-01 6.82E-03 2.13E-04 7.35E-04 
AI (cm/s) 9.43E-01 1.12E-02 1.20E-03 4.41E-03 
CAV (cm/s) 1.85E-01 3.14E-04 4.01E-07 2.19E-05 
SED (cm2/s) 1.64E-01 1.72E-04 3.22E-07 1.20E-05 
VI (cm) 2.31E-01 6.71E-04 1.82E-06 1.72E-05 
CAD (cm) 1.15E-01 1.66E-04 6.30E-08 1.60E-06 
 
 
Table A.16.3: b values for column 6 (1.03 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1452 0.5161 0.7340 0.2284 
PGV (cm/s) 0.4548 1.3178 2.2137 1.1809 
PGD (cm) 0.4471 1.0148 2.0937 1.3825 
AI (cm/s) 0.1238 0.3609 0.6217 0.2987 
CAV (cm/s) 0.3114 0.7516 1.5410 0.9337 
SED (cm2/s) 0.3041 0.7734 1.4594 0.9422 
VI (cm) 0.4845 1.1189 2.3027 1.6607 
CAD (cm) 0.5037 1.1257 2.4043 1.7238 
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Table A.17: Results of the regression analysis for column 6 retrofitted with 1.72 MPa SMA confinement 
 
Table A.17.1: R2 values for column 6 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0731 0.1297 0.0831 0.0165 
PGV (cm/s) 0.3564 0.3803 0.3830 0.2307 
PGD (cm) 0.6040 0.4101 0.6080 0.5509 
AI (cm/s) 0.1525 0.1956 0.1735 0.0881 
CAV (cm/s) 0.2286 0.2079 0.2608 0.2062 
SED (cm2/s) 0.6187 0.5035 0.6532 0.5727 
VI (cm) 0.6061 0.4055 0.6327 0.6850 
CAD (cm) 0.5732 0.3772 0.6112 0.6474 
 
 
Table A.17.2: a values for column 6 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.15E+00 1.30E-01 4.64E-02 2.53E-02 
PGV (cm/s) 3.70E-01 6.85E-04 2.12E-05 4.74E-04 
PGD (cm) 6.18E-01 6.04E-03 2.34E-04 9.57E-04 
AI (cm/s) 9.70E-01 9.54E-03 1.31E-03 4.86E-03 
CAV (cm/s) 2.02E-01 1.93E-04 1.11E-06 4.51E-05 
SED (cm2/s) 1.68E-01 1.69E-04 7.48E-07 2.52E-05 
VI (cm) 2.31E-01 6.28E-04 3.10E-06 3.28E-05 
CAD (cm) 1.18E-01 1.38E-04 1.49E-07 4.14E-06 
 
 
Table A.17.3: b values for column 6 (1.72 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1361 0.5142 0.6113 0.1865 
PGV (cm/s) 0.4422 1.2959 1.9316 1.0277 
PGD (cm) 0.4444 1.0388 1.8787 1.2258 
AI (cm/s) 0.1177 0.3780 0.5290 0.2584 
CAV (cm/s) 0.2990 0.8087 1.3455 0.8201 
SED (cm2/s) 0.3001 0.7680 1.2995 0.8339 
VI (cm) 0.4827 1.1200 2.0782 1.4821 
CAD (cm) 0.4986 1.1474 2.1697 1.5305 
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Table A.18: Results of the regression analysis for column 6 retrofitted with 2.41 MPa SMA confinement 
 
Table A.18.1: R2 values for column 6 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.0634 0.0297 0.0740 0.0137 
PGV (cm/s) 0.3440 0.1985 0.3691 0.2201 
PGD (cm) 0.5963 0.2330 0.5985 0.5261 
AI (cm/s) 0.1375 0.0561 0.1576 0.0802 
CAV (cm/s) 0.2131 0.0562 0.2425 0.1942 
SED (cm2/s) 0.6096 0.2816 0.6370 0.5571 
VI (cm) 0.6051 0.2396 0.6215 0.6727 
CAD (cm) 0.5721 0.1952 0.6007 0.6331 
 
 
Table A.18.2: a values for column 6 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 2.11E+00 9.79E-02 2.86E-02 2.26E-02 
PGV (cm/s) 3.77E-01 4.16E-03 3.44E-05 6.80E-04 
PGD (cm) 6.17E-01 1.49E-02 2.70E-04 1.26E-03 
AI (cm/s) 9.96E-01 3.02E-02 1.38E-03 5.48E-03 
CAV (cm/s) 2.16E-01 5.46E-03 3.05E-06 8.82E-05 
SED (cm2/s) 1.70E-01 1.53E-03 1.74E-06 4.80E-05 
VI (cm) 2.29E-01 3.25E-03 5.93E-06 5.91E-05 
CAD (cm) 1.17E-01 1.57E-03 4.03E-07 9.38E-06 
 
 
Table A.18.3: b values for column 6 (2.41 MPa SMA confinement) 
Intensity Measure (IM) Maximum Drift Residual Drift Concrete DI Steel DI 
PGA (g) 0.1269 0.2108 0.5150 0.1538 
PGV (cm/s) 0.4348 0.8019 1.6925 0.9076 
PGD (cm) 0.4419 0.6707 1.6637 1.0833 
AI (cm/s) 0.1119 0.1734 0.4499 0.2229 
CAV (cm/s) 0.2889 0.3601 1.1580 0.7197 
SED (cm2/s) 0.2981 0.4921 1.1452 0.7438 
VI (cm) 0.4827 0.7375 1.8384 1.3283 
CAD (cm) 0.4985 0.7071 1.9196 1.3688 
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